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An estimated 110 million acres of agricultural land in the United States was 
artificially drained as of 1985 (Schwab et al., 1985). This drainage is essential to the 
sustainability of current levels of agricultural production in the United States. In 1985, 
nearly 9 billion bushels of com were produced on 75 million acres of land, and had a 
gross value of over 21 billion dollars. In the same year 2 billion bushels of soybeans with 
a gross value of nearly 11 billion dollars were produced on 63 million acres of 
agricultural land. Most of this com and soybean production occurred in the north central 
region of the U.S. and much of it on drained land. For instance, nearly 40 percent of 
com and soybean production land is artificially drained in Iowa (Kanwar et al., 1988b). 
While artificial drainage is in many instances essential for sustainable agricultural 
productivity, excessive drainage is undesirable as it reduces soil water available to 
growing plants and leaches fertilizer and pesticides, carrying them to receiving streams 
and/or to deeper ground water systems where they act as contaminants. Since herbicides 
are used on approximately 98 percent of com and soybean acres in Iowa, there is a 
potential for ground water contamination from these artificially drained soils (Kanwar et 
al., 1988b). Recent studies in the north-central United States indicate the presence of 
nitrate and pesticides in ground water as a result of agricultural activities (Hallberg, 
1986). Although ground water contamination has been documented in Iowa and other 
states, the mechanisms of contamination are often unknown. Hallberg (1986) has 
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suggested that infiltration recharge may be the primary delivery mechanism of 
agricultural related contaminants to ground water. 
Possible best management practices (BMP's) to protect water resources from 
chemical contamination while sustaining crop production at an optimum level include 
reduced tillage, crop rotations, chemical management, and water table management. 
Water-table management (WTM) is defined as a practice that includes subsurface 
drainage, controlled drainage and/or subsurface irrigation. In the North Central region, 
WTM practices might typically result in 20 to 40 bushels/acre increase in com yields and 
10 to 40 bushels/acre increase in soybean yields (Schwab et al., 1985). Studies have been 
conducted in Iowa to develop relationships between the seasonal water-table depth and 
crop yields (Kanwar, 1988a; Mukhtar et al., 1990; Kalita and Kanwar, 1989). 
However, with all these studies related to crop yield benefits of WTM, little 
information is available on the effect of WTM practices on the environmental fate of 
agricultural chemicals and on ground water quality. Only a few studies have been 
reported in the literature with the specific objective of evaluating the ability of water 
table management practice to reduce negative impacts on water quality (Belcher, 1989; 
Evans et al., 1989a; Kalita and Kanwar, 1989). These studies suggest (on the basis of 
one or two years of field data) that water table management practices have the potential 
to reduce negative water quality impacts, but more research is needed in this area. This 
area of research is of vital importance because subsurface drainage systems drain 
near-surface perched water tables, which in the upper mid-west of the United States lie 
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above ground water aquifers. Water and chemicals in these perched water table zones can 
either move downward toward the underlying ground water aquifers, or can be 
discharged through the drain system to surface water bodies. It is necessary therefore, 
to conduct research to develop understanding on the effects of WTM practices on 
groundwater quality. 
Objectives 
With the aim of developing a better understanding of water-table management 
practices on corn growth and yield and groundwater quality, this study was conducted 
with the following major objectives: 
1. To investigate the effect of various water-table management practices on com growth, 
photosynthesis, and photosynthetic water-use efficiency, and develop relationships among 
these physiologically based indicators with crop yields at two different field conditions. 
2. To evaluate the effectiveness of water-table management practices on crop growth with 
the concepts of energy balance and crop water stress index and develop 
recommendations. 
3. To investigate the effect of water-table management practices on the environmental 
fate of agricultural chemicals. This investigation would include the effect of various 
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water-table depths on the transport of nitrate-nitrogen and pesticides into shallow 
groundwater during three com growing seasons at two different field conditions. 
4. To use a computer simulation model for predicting pesticide concentrations at various 
depths below the surface and evaluate the suitability of the model for use under various 
water-table management systems by comparing predicted results with observed values. 
Explanation of dissertation format 
This dissertation contains the candidate's original work on water table 
management effects on groundwater quality and com yield. The entire dissertation 
contains five separate parts. Each part was written by the author in a format suitable for 
submission for publication in technical journals. 
The first and third parts have been accepted for publication in the Transactions 
of the American Society of Agricultural Engineers. The second part is accepted for 
publication in the Water Resources Research. Part four has been proposed for submission 
for publication in the Soil and Tillage Research, and part five is proposed for 
presentation at the 1992 International Summer Meeting of the American Society of 
Agricultural Engineers. 
Each part contains an abstract, introduction, materials and methods, results and 
discussion, and conclusions. All five parts are preceded by a general introduction and 
review of literature and are followed by an overall conclusions. The references for the 
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introduction, methods and materials, and results and discussion of all the five parts and 
parts of the general introduction and review of literature are located at the end of the 
dissertation. 
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REVIEW OF LITERATURE 
Water-table management for crop production 
Water-table management includes subsurface drainage, controlled drainage, and/or 
subirrigation and maintains shallow water-table depths in the field during certain periods 
of the growing season. Water-table management in the artificially drained areas of Iowa 
is very important to sustainable agriculture because about 40 percent of Iowa's com and 
soybean acreages are currently artificially drained (Kanwar et al., 1988b). Optimum 
WTM practices (WTMP) have the potential to increase net farm returns in terms of crop 
yield and to reduce chemical transport through soil profile to groundwater (Kalita and 
Kanwar, 1989). The benefits of drainage and subirrigation to crop production are well 
documented (Kanwar, 1988; Kanwar et al., 1988a; Kalita and Kanwar, 1989; Evans et 
al., 1990). In the North Central region of the United States, WTM practices could result 
in 1250 to 2500 kg ha ' increase in com yields and 625 to 2500 kg ha ' increase in 
soybean yields (Schwab et al., 1985). 
Water-table management practices help maintain adequate soil-moisture and soil-
air in the crop root zone and create favorable plant growth conditions. The quantity of 
soil-moisture and soil-air in the root zone, however, depends on the depth at which the 
water-table is maintained. Based on the availability of soil-moisture and soil-air in the 
root zone, crop physiological growth differs significantly, and transpiration rates, 
stomatal conductivities, photosynthesis rates, and canopy temperatures vary. Extensive 
7 
work has been done in the Netherlands during the 1950s to establish relations between 
average seasonal water-table depths and crop yields. Wesseling (1974) reported that 
reduced oxygen supply to the roots resulting from shallow water-table depths leads to 
decreased rate of transpiration, nutrient uptake, photosynthesis, and crop growth. The 
relationships between water-table depths and crop yields have been reported by several 
investigators. Wesseling (1974) reported that shallow water-table depths reduced oxygen 
supply to the roots and decreased nutrient uptake and crop growth. Similar results have 
been reported by Evans and Skaggs (1985), Kanwar (1988), and Carter et al. (1988). 
Williamson and Kriz (1970) found that optimum water-table depth was a factor of crop 
species and soil type. Cavazza and Pisa (1988) found the maximum yield of wheat at 
1.25 m water-table depth, and shortage of water resulting from a water-table depth of 
more than 1.25 m reduced crop yield. 
Relationship between photosynthesis and crop yield 
Photosynthesis is an important physiological factor limiting crop production. Crop 
growth and yield responses depend upon the production and partitioning of carbon 
assimilates. However, dry matter production rates and partitioning patterns can be 
influenced by a wide variety of environmental stresses such as drought, high 
temperatures, low irradiance, nutrient deficiency, and airborne pollutants (Treshow, 
1970). Under nonstressed conditions, irradiance is the most important environmental 
factor causing variation in photosynthetic rate in maize (Reed et al. 1976; Hari et al.. 
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1981). Dwyer and Stewart (1986) reported that the dependence of photosynthetic rate 
on irradiance was nonlinear and could be described by a rectangular hyperbola. Dwyer 
et al. (1989) reported cultivar differences in photosynthetic rates as a function of plant 
age, and that late-maturing cultivars had higher photosynthetic rates than early-maturing 
cultivars at comparable phenological stages. 
The maximum rate of leaf photosynthesis is generally represented by 
measurements on fully expanded upper sunlit leaves near mid-day. Therefore, the 
topmost fully expanded leaves (at optimum physiological condition and plant position) 
are examined. The correlation between net photosynthesis and crop yield have been 
examined in several studies. Evans (1975) and Elmore (1980) reported no significant 
correlation between yield and rate of carbon dioxide (CO2) exchange per unit of leaf 
area, although Elmore (1980) stated that higher rates of photosynthesis should lead to 
higher yield. Moss (1976) reported that it was difficult to document if economic yield 
and photosynthesis were related in any direct way. Results from these studies may have 
limited application because of single leaf measurements in controlled environment tests. 
Individual leaves in a plant community in the field often differ in their net CO2-
assimilation rates depending on irradiation, temperature, water, other climatic factors, 
leafage, and development stage (Zelitch, 1982). Zelitch (1982) strongly suggested that 
crop yield is closely related to the net photosynthetic assimilation of CO; throughout an 
entire season, but that instantaneous measurements of photosynthesis may be misleading. 
Christy and Porter (1982) found that adverse climatic factors such as clouds, cold, and 
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water limitations generally decreased net photosynthesis of soybeans. They compared 
yield with the cumulative net photosynthesis for two soybean varieties for two seasons 
and observed a near unity correlation (r = 0.98) although no correction was made for 
carbon lost by respiration in the dark and by roots. On a seasonal basis, integrated net 
CO2- exchange rate and com growth were closely related in field experiments by Vietor 
and Musgrave (1979). 
Crop water stress index 
Canopy temperature has long been recognized as an indicator of water availability 
to plants (Wiegand and Namken, 1966). Idso et al. (1977) and Jackson et al. (1977) used 
canopy-air temperature differential as an index of crop water status. The daily crop 
évapotranspiration has also been successfully estimated from one-time measurement of 
the day using a factor readily calculated from day of year and time of day for latitudes 
between 60°S and 60°N (Jackson et al., 1983). Extensive work has been done to relate 
plant water stress to the canopy temperature (Idso 1982; Jackson, 1982; Jackson et al., 
1977, 1981; Idso et al., 1981, 1982, 1984, 1985, 1986). Idso et al, (1981) and Jackson 
et al. (1981) developed an index for crop water status known as Crop Water Stress Index 
(CWSI). This index has later been referred to as IJ (Idso-Jackson) plant water stress 
index (Idso et al., 1986), which was subsequently used in a context not directly related 
to water stress (Idso et al., 1989). 
Jackson et al. (1981) described energy balance considerations while developing 
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CWSI from the canopy measurements. They approximated net radiation as 0.75 of the 
incoming solar radiation based on experimental results of Fritschen (1967). Fritschen 
(1967) observed from a series of experiments on irrigated crops at Phoenix that the ratios 
of net and solar radiation were 0.75, 0.65, 0.80, 0.75, 0.73, 0.75, and 0.73 for Alfalfa, 
Barley, Wheat, Oats, Cotton, Sorghum, and all crops, respectively. Monteith and Szeicz 
(1962) found from experiments in England that net radiation as a percentage of solar 
radiation income was 37 percent for b^e soil, 41 percent for short grass, 46 percent for 
tall crops, and 53 percent for water. They also reported the results of another study by 
Roach (1955), who observed during summer at Kew that net radiation was 50 percent of 
solar radiation for turf. These studies indicate that the relation between net and solar 
radiation may vary depending upon type of crops and location. 
Crop water stress index has been a useful tool for quantification of crop water 
stress and irrigation scheduling. It essentially quantifies crop water stress instantaneously 
for an area of a field using an infrared and a wet- and dry-bulb air thermometer and 
estimated value of net radiation in minutes (Jackson et al., 1981). This index could be 
used to detect the occurrence of nonpotential transpiration, evaluate the amount of 
extractable water from the soil, and separate total plant water potential into atmospheric-
and soil-induced components (Idso et al., 1982). With the development of leaf-chamber 
techniques, the canopy measurements have become much faster and easier, and CWSI 
has the potential to evaluate various aspects of crop production system. The leaf-
chamber measurements, however, maintain higher values of evaporative demand in the 
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chamber than those in the external environment (Grantz and Meinzer, 1991). The leaf 
microenvironment is altered by closure of leaf-chamber (Monteith, 1990) as noted by 
Idso et al. (1986, 1987, 1988). Grantz and Meinzer (1991) suggested that when large 
changes occur in the microenvironment, measurements must be made rapidly and related 
to conditions at the leaf surface before enclosure of leaf in the leaf-chamber. 
Nitrate-N concentrations in groundwater 
The accrual of soluble inorganic nitrogen from agricultural fertilizers, particularly 
nitrate-nitrogen (NO3-N) to groundwater is a natural process and a source of potential 
degradation of groundwater (Prunty and Montgomery, 1991). At present, groundwater 
contamination from agricultural nonpoint sources has become a major environmental 
concern, and the awareness of the need to protect the groundwater quality is increasing. 
Hubbard and Sheridan (1989) documented that in many agricultural areas, nitrate levels 
in drinking water were significantly higher than the maximum contaminant level of 10 
mg/1 as recommended by the U.S. Environmental Protection Agency. 
Several studies were conducted in the last two decades to monitor subsurface 
drainage water quality from agricultural areas (Schwab et al., 1973; Baker and Johnson, 
1976; Bengtson et al., 1984; Kan war and Baker, 1991; Kanwar et al., 1988b). Reviews 
of several other studies are presented by Gilliam and Skaggs (1986) and Hallberg (1986). 
Hallberg (1986) reported an almost linear increase in groundwater nitrate concentration 
over the last 20 years. Logan et al. (1980) reported NO3-N concentration ranging from 
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0.5 to 120 mg/1 in tile drainage water under com in Iowa, Minnesota, and Ohio. In 
Iowa, Baker et al. (1975) and Baker and Johnson (1981) observed NO3-N levels of 10 
to 70 mg/1 in subsurface water samples from tile lines under com rotated with oats or 
soybean. Although groundwater contamination has been documented in Iowa and other 
states, the mechanisms of contaminations are often unknown. Hallberg (1986) has 
suggested that infiltration recharge may be the primary delivery mechanism of agriculture 
related contaminants to the groundwater. Researchers are investigating the possibility of 
developing the best management practices to protect water resources from chemical 
pollution while sustaining crop productivity. The agricultural management practices such 
as crop rotations, chemical management, and water-table management practices are 
considered to reduce the negative effects of the use of agricultural chemicals on 
groundwater. 
Pesticide concentrations in groundwater 
Detection of pesticides in groundwater has led to a serious concern about the 
potential water quality problems associated with the increasing use of organic chemicals. 
Pesticide usage in the United States totaled nearly 300 million kilograms in 1982, and 
85 percent of this usage is in the corn belt (Hallberg, 1986). Widely used herbicides such 
as alachlor, atrazine, metolachlor, and cyanazine have been detected in groundwater 
systems of several states (Holden, 1986; Ritter, 1986). A review in 1984 (Cohen et al.) 
indicated that 12 pesticides have been detected in groundwater in 18 states, and these 
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reported cases increased to 17 pesticides found in the groundwater systems in 23 states 
(Cohen et al., 1986). The U.S. Environmental Protection Agency estimated that at least 
19 pesticides have been detected in groundwater in 24 states as a result of agricultural 
practices (EPA, 1987). 
Groundwater aquifers supply approximately one fourth of all fresh water 
requirements in the United States (USGS, 1982). It is used for drinking by about half of 
the people in the country and this percentage is over 75.1 in the rural areas (Hallberg, 
1986). A major concern is that low concentrations of less soluble but widely used 
pesticides are being detected in shallow aquifers under a wide range of agricultural and 
climatic conditions (Isensee et al., 1988). Three com production herbicides, alachlor [2-
chloro-2', 6'-diethyl-N-(inethoxymethyl)acetanilide], atrazine [2-chloro-4-(ethylamino)-
6-(isopropylamino)-S-triazine], and cyanazine [2-chloro-4-(cyano-l-methylamino)-6-
ethylamino-S-triazine], fall into this category and have been detected in groundwater in 
many states because of their wide application (Isensee et al., 1988). Direct downward 
leaching was found to be largely responsible for atrazine residues at low levels detected 
in groundwater in many irrigated com production areas. 
Alachlor has been reported in groundwater samples in Maryland, Iowa, Nebraska, 
and Pennsylvania at residue levels of 0.1-10 /xg L"' (Cohen et al., 1986). Alachlor is less 
persistent in soil than atrazine (Isensee et al., 1988). It has also been reported by Isensee 
et al. (1988) that alachlor and atrazine have similar mobilities, and alachlor would leach 
as deeply as atrazine if differences in persistence were not a factor. Ritter (1986) 
14 
reported that atrazine and alachlor together accounted for 25 % of all pesticides sold in 
the U.S. in 1982. Alachlor concentration in groundwater was found to be as high as 16 
fig L"' in Iowa (Kelley et al., 1986). Libra et al. (1986) and Kelley et al. (1986) 
reported that atrazine concentrations of 10 /xg L"' were detected in a karst aquifer in 
Iowa. Isensee et al. (1988) found in a study that atrazine concentration in shallow 
groundwater was 0.2-1.8 )ug L"' and that of alachlor was 0.0-0.3 ng L"'. These 
concentrations were lower than the health advisory limits for atrazine (3.0 ixg L"') and 
alachlor (0.4 /ig L'). In another study, Smith et al. (1988) found that atrazine 
concentration in the soil water at a depth of 0.61 m reached 0.35 mg/1 after 19 days of 
application. They also reported that atrazine concentration as high as 0.09 mg/1 was 
observed in the shallow groundwater nearly 16 months after application, whereas, 
alachlor was not detected in the soil below a depth of 0.45 m and most of the alachlor 
had apparently degraded during their experimental period. 
Pionke et al. (1988) observed that atrazine concentrations in groundwater 
corresponded to CI and NO3 concentrations with CI providing the better relationship. The 
higher the CI and NO3 concentrations, the higher was the atrazine concentration; in 
contrast, the highest atrazine concentrations were not associated with the higher NO3 
concentrations. Experiments on pesticide and nutrient movement into subsurface tile 
drainage were conducted by Kladivko et al. (1991) in which they found less than 1% of 
the atrazine, alachlor, and cyanazine applied were lost. They found that the total mass 
of pesticides, nutrients, sediments, and water removed on a per-area basis was greatest 
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for the 5 m drain spacing and least for the 20 m drain spacing. Baker et al. (1985) 
observed pesticides at concentrations less than 1 fig L"' in injected water from agricultural 
drainage wells, but higher levels of up to 80 /xg L"' were detected when surface runoff 
water was injected. Baker (1980) and Baker and Johnson (1976) found that the 
concentrations of most insecticides and herbicides were higher in surface runoff than in 
subsurface drainage, but chemicals that were not adsorbed, such as anionic herbicides, 
usually had higher concentrations in subsurface drainage. 
Jury (1986a) described the factors that influence the transport of chemicals in 
porous media. The physical and chemical properties that effect the fate of pesticides are 
solubility, vapor pressure, toxicity, adsorption rate, and soil reactivity. The second 
category would include environmental conditions such as rainfall, soil properties, 
temperature, and erosion rate. The final category can be called management influences, 
including the rate of pesticide application, method of application, cropping method, 
irrigation and/or drainage practices, and chemical used and its formulation. Some of the 
soil properties influencing pesticide transport are water content, bulk density, 
permeability, clay content, organic matter content, and water retention (Smith et al., 
1988). Helling and Gish (1986) presented results of a simple modeling exercise to 
demonstrate the effects of several soil properties on pesticide transport. Some of the 
environmental factors which have been shown to influence pesticide transport are 
precipitation, évapotranspiration, and temperature (Jury, 1986b). Plant processes 
effecting pesticides are very complex. Donigian and Rao (1986) explained that the 
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uptake, translocation, accumulation, and transformation of pesticides by plants affect the 
availability of pesticides for transport processes and the potential exposure to pesticide 
residues by the consumers of the vegetation, fruits, etc. Plant processes can serve both 
as a sink and a source of pesticides residues available for transport. 
Plant cover has been observed to influence pesticide persistence as a result of 
lower soil temperature in the cover soil during summer. Birk and Roadhouse (1964) 
found atrazine to be more persistent in soil planted to com than in fallow soil. This was 
attributed to transpiration of the crop maintaining relatively dry soil and reducing the 
microbiological degradation of the herbicide. On the other hand, Sikka and Davis (1966) 
found that uptake and metabolism by the crop reduced atrazine persistence in soil planted 
to com. Less atrazine concentration was found in the 0 to 0.15 m soil depth of cropped 
plots than in fallow plots at all sampling dates up to 6 months after planting. Soil 
flooding and temporary anaerobiosis may permit reductive degradation of certain 
pesticides and markedly alter their persistence (Hiltbold, 1974). Results of laboratory 
experiments by Castro and Yoshida (1971) and field experiments by Guenzi et al. (1971) 
showed the influence of flooding on biodégradation rather than chemical degradation of 
pesticides. 
Water-table management for water quality 
Water-table management has been identified as a beneficial practice for reducing 
nitrate loss from soil system to the groundwater through increased denitrification in the 
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shallow water tables (Skaggs and Gilliam, 1981; Gilliam and skaggs, 1986; Kalita and 
Kanwar, 1989; Write et al., 1989; Kanwar and Kalita, 1990). Water-table management 
research has been conducted primarily during the last decade in Indiana, Iowa, Louisiana, 
Ohio, North Carolina, and Michigan and focused on crop yields, economic benefits, and 
modeling of the flow systems (Melvin and Kanwar, 1991; Fausey et al., 1991). Few 
studies have been reported in the literature on the benefits of using WTM practices for 
reducing water quality degradation (Belcher, 1989; Kalita and Kanwar, 1989; Kanwar 
et al., 1989). The most frequently observed benefit of WTM on water quality has been 
its influence on total nutrient transport in drainage outflow (Evans et al., 1989a). Evans 
et al. (1989b) reported that drainage control reduced the annual transport of total nitrogen 
(NO3-N and TKN) at the field edge by 46.5 percent and total phosphorous by 44 percent. 
Similar results have been reported using simulation methods (Skaggs and Gilliam, 1981; 
Deal et al., 1986). Gilliam et al. (1979) reported nitrate concentration reduction of nearly 
50 percent under controlled drainage when compared with artificially drained fields. The 
benefits of WTM practices on water quality are being investigated under different soils, 
crops, and climatic conditions in Iowa (Kanwar, 1990), Georgia (Thomas et al., 1991), 
Louisiana (Bengtson etal., 1991), Michigan (Belcher and Merva, 1991), North Carolina 
(Skaggs et al., 1991), and Ohio (Fausey et al., 1991). 
Pesticide simulation models 
Substantial advances have been made during the past decade in using computer 
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techniques in the prediction of agricultural chemicals in the environment. These models 
help to estimate the time required for natural processes to remove chemicals already in 
the soil and groundwater. A second use of the models is in predicting the movement and 
persistence in soil of chemicals currently being developed. A third major use of models 
that predict the fate of agricultural chemicals is to assist farmers in designing effective 
crop, soil, and chemical management strategies. The short term economic benefit is 
greatest when a maximum yield response can be obtained from the application of 
minimum amount of chemicals required for pest control and plant growth (Wagenet and 
Hutson, 1986). Models can aid in evaluating alternative rates and timing of chemical 
application, the use of alternative chemicals with different properties, and the optimum 
management practices for water and chemicals. 
Available prediction models are either porous media oriented and lack the 
orientation of best management practice (BMP) impacts, or they are solely BMP 
evaluation models and lack the chemical transport component in the soil (Shirmohammadi 
et al., 1989). Models reflecting the first category have been developed for environmental 
screening of pesticides through soil profile (Lindstrom et al, 1968; Davidson and 
McDougal, 1973; Notziger and Homsby, 1984; Wagenet and Hutson, 1986; Enfield et 
al., 1982). Models in the second category can be classified under two groups. The first 
group of models that is used to describe the impacts of BMP on surface water quality. 
Examples of these models are ANSWERS (Beasley et al., 1977), CREAMS (Knisel, 
1980), and HSPF (Donigian et al., 1983). The second group of models is process 
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oriented and describe the impact of management practices on both surface and 
groundwater quality. Examples of such models are PRZM (Carsel et al., 1985) and 
GLEAMS (Leonard et al,, 1987). 
PRZM (Pesticide Root Zone Model) is a continuous simulation model that 
examines the movement of pesticide within and below the root zone in a one dimensional 
scheme. This model lacks the sensitivity to surface runoff and erosion (Leonard et al., 
1987) and considers vertical movement of pesticides and water through the soil profile 
alone. GLEAMS (Groundwater Loading Effects of Agricultural Management System) is 
modified version of the well validated CREAMS model. It is a continuous simulation 
model that provides a more detailed prediction of water and pesticide movement within 
and through the root zone. Unlike PRZM, GLEAMS has maintained a surface sensitivity 
to runoff and erosion by designing a 1-cm surface sensitive layer at the top of the soil 
profile. This model, however, predicts the percolation of water and pesticide below the 
root zone and does not follow the fate of percolation component (Shirmohammadi et ai., 
1989). 
GLEAMS model, however, does not incorporate subsurface drainage and 
subirrigation, and therefore, the use of the model for water-table management systems 
is limited. Water-table management that includes drainage, controlled drainage and 
subirrigation helps maintaining agricultural productivity and profitability, and has the 
potential to improve groundwater quality. Therefore, simulation model to deal with 
water-table management practices has been of great concern. 
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A simulation model has recently been developed at Ohio State University to 
incorporate water-table management practices for water quality. ADAPT (Agricultural 
Drainage And Pesticide Transport) model was developed by Alexander (1988) and is the 
only simulation model at present which provides a comprehensive model to simulate the 
quantity and quality of flows associated with water-table management systems. Part of 
the GLEAMS and DRAINMOD (Skaggs, 1978) model were combined with algorithms 
to account for snow melt, deep seepage, and macropore flow in the ADAPT model. 
GLEAMS is a water quality model without subsurface and subirrigation components, 
while DRAINMOD is a widely used water-table management model with subsurface 
drainage and subirrigation, but without a water quality component. Therefore, integrating 
these two models into one model, ADAPT forms the basis of a comprehensive simulation 
model able to handle a variety of water table management systems (Chung et al., 1991a). 
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PART 1: SHALLOW WATER TABLE EFFECTS ON PHOTOSYNTHESIS 
AND YIELD OF CORN 
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ABSTRACT 
The effect of water-table management practices on leaf photosynthesis and com 
yield was investigated under two different field conditions in 1989 and 1990. In one 
field, water-table depths were maintained at 0.3, 0.6, and 0.9 m in field lysimeters 
during the growing season. In the other field, average water-table depths of 0.2, 0.3, 
0.6,0.9, and 1.1m were maintained through subirrigation. Photosynthesis measurements 
were made regularly during the growing season, and yield data were collected at harvest. 
In 1989, a relatively dry year, photosynthesis rates were higher for shallow water-table 
depths than for deep water-table depths. In 1990, a very wet year, photosynthesis rates 
were not significantly different for water-table depths between 0.3 and 0.9 m, but rates 
decreased significantly for the 0.2 m water-table depth. Statistical analysis indicates that 
water-table effects on photosynthesis rates were not consistent. However, effects of 
various water-table depths on photosynthetic water-use efficiency (PWUE) were highly 
significant in both dry and wet seasons. Com yields increased with increasing water-table 
depths. At water-table depths of 0.2 to 0.3 m, com yield decreased significantly. In both 
dry and wet seasons, effects of water-table treatments on grain yield were highly 
significant and significant relationships were obtained between PWUE values and yield. 
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INTRODUCTION 
Crop responses to drainage have been reported from several studies (Evans et al., 
1990; Kanwar et al., 1988a; Kanwar, 1988; Mukhtar et al., 1990). Previous studies, 
however, have not provided crop parameter(s) besides yield that may be suitable 
indicator(s) of shallow water table and drainage effects on crop production. Although 
yield is generally a suitable indicator, the effect of a given water-table management 
practice is not known until harvest. Thus, yield assessment has limited usefulness in 
adjusting management practices during the growing season. A more useful indicator is 
needed for seasonal evaluation of appropriate water table management practices for crop 
production. 
Photosynthesis is an important physiological factor limiting crop production. Crop 
growth and yield responses depend upon the production and partitioning of carbon 
assimilates. However, dry matter production rates and partitioning patterns can be 
influenced by a wide variety of environmental stresses such as drought, high 
temperatures, low irradiance, nutrient deficiency, and airborne pollutants (Treshow, 
1970). Under non stressed conditions, irradiance is the most important environmental 
factor causing variation in photosynthetic rate in maize (Reed et al. 1976; Hari et al., 
1981). Dwyer and Stewart (1986) reported that the dependence of photosynthetic rate 
on irradiance was nonlinear and could be described by a rectangular hyperbola. Dwyer 
et al. (1989) reported cultivar differences in photosynthetic rates as a function of plant 
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age, and that late-maturing cultivars had higher photosynthetic rates than early-maturing 
cultivars at comparable phenological stages. 
The maximum rate of leaf photosynthesis is generally represented by 
measurements on fully expanded upper sunlit leaves near mid-day. Therefore, the 
topmost fully expanded leaves (at optimum physiological condition and plant position) 
are examined. The correlation between net photosynthesis and crop yield have been 
examined in several studies. Evans (1975) and Elmore (1980) reported no significant 
correlation between yield and rate of carbon dioxide (CO2) exchange per unit of leaf 
area, although Elmore (1980) stated that higher rates of photosynthesis should lead to 
higher yield. Moss (1976) reported that it was difficult to document if economic yield 
and photosynthesis were related in any direct way. Results from these studies may have 
limited application because of single leaf measurements in control environment tests. 
Individual leaves in a plant community in the field often differ in their net CO2-
assimilation rates depending on irradiation, temperature, water, other climatic factors, 
leaf age, and development stage (Zelitch, 1982). Zelitch (1982) strongly suggested that 
crop yield is closely related to the net photosynthetic assimilation of COj throughout an 
entire season, but that instantaneous measurements of photosynthesis may be misleading. 
Christy and Porter (1982) found that adverse climatic factors such as clouds, cold, and 
water limitations generally decreased net photosynthesis of soybeans. They compared 
yield with the cumulative net photosynthesis for two soybean varieties for two seasons 
and observed a near unity correlation (r = 0.98) although no correction was made for 
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carbon lost by respiration in the dark and by roots. On a seasonal basis, integrated net 
CO2- exchange rate and com growth were closely related in field experiments by Vietor 
and Musgrave (1979). 
The relationships between water-table depths and crop yields have been reported 
by several investigators. Wesseling (1974) reported that shallow water-table depths 
reduced oxygen supply to the roots and decreased nutrient uptake and crop growth. 
Similar results have been reported by Evans and Skaggs (1985), Kan war (1988), and 
Carter et al. (1988). Williamson and Kriz (1970) found that optimum water-table depth 
was a factor of crop species and soil type. Cavazza and Pisa (1988) found the maximum 
yield of wheat for 1.25 m water-table depth, and shortage of water resulting from a 
water-table depth of more than 1.25 m reduced crop yield. 
Previous studies have indicated that depletion of root zone soil-water and crop 
water stress reduce photosynthesis rates. However, previous studies have not reported 
the effects of excess soil-water, water-table management and/or drainage practices on 
crop photosynthesis rate. Therefore, this study was conducted by Iowa State University 
to investigate the effects of water-table management practices (drainage, subirrigation, 
and controlled drainage) on photosynthesis and com yield. The specific objective was to 
determine photosynthesis rate and photosynthetic water-use efficiency at various stages 
of corn growth, and crop yield under various water-table management practices. 
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MATERIALS AND METHODS 
Experiments 
Experiments were conducted in 1989 and 1990 at research farms of Iowa State 
University near Ames and in Ankeny. At the Ames site, experiments were conducted in 
field lysimeters by maintaining three water-table depths of 0.3, 0.6, and 0.9 m during 
both years. Water-table depth treatments were replicated three times using nine field 
lysimeters. Water-table elevations were raised to the desired depths on 53 and 52 days 
after planting (DAP) in 1989 and 1990, respectively. The elapsed time between planting 
and treatments allowed com roots to develop within the 0.9 m soil profile before 
establishing water-table treatment. Water-table elevations were maintained at treatment 
depths until harvest dates. Soil moisture contents (by depths) were monitored using a 
neutron probe. Crop-growth parameters of plant height and photosynthesis were 
measured weekly during the growing season. 
At the Ankeny site, experiments were conducted in a field equipped with a dual-
pipe subirrigation system. Water-table depths ranged in the subirrigation field from 0.03 
to 1.25 m during the growing season in 1990. The average water-table depths at five 
major locations A, B, C, D, and E (where monitoring devices were installed in the 
subirrigation field) were 0.2, 0.3, 0.6, 0.9, and 1.1 m, respectively, during the growing 
season. A maximum water-table depth of 1.25 m was observed at location E in the 
beginning of the season, and a minimum water-table depth of 0.03 m was observed at 
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location A once during the season due to heavy rainfall. However, specific water-table 
depths were maintained through subirrigation from 2 July (54 DAP) to 12 September (96 
DAP). Plant height and photosynthesis rates were measured at 15-day intervals at the 
Ankeny site. 
Photosynthesis measurements 
Photosynthesis was measured with the LICOR-6200' portable photosynthesis 
system consisting of a CO; analyzer, a system console, and a sensor housing with 
interchangeable leaf chambers. The CO; analyzer is a differential, nondispersive, 
infrared-type (NDIR) instrument calibrated for measurements of 0-1100 ppm. 
The net exchange of €0% between a leaf and the atmosphere was measured by 
enclosing a leaf section in the leaf-chamber and monitoring the exchange rate in CO2 
concentration of the air in the chamber during a short time interval of 10 to 20 seconds. 
Area of the leaf section in the chamber was measured. The net photosynthesis rate was 
calculated based on the rate of change in CO2, leaf area enclosed, volume of enclosure, 
and air and leaf temperatures. Details of this measurement system are given in "LI-6200: 
Technical Reference (1987)". 
The photosynthesis measurements were made at the Ames site on 70, 77, 84, and 
98 DAP in 1989 and 48, 55, 64, 70, 77, 84, 91, and 98 DAP in 1990. At the Ankeny 
'Name given for the benefit of readers only. Iowa State University does not endorse this 
product for benefit. 
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site in 1990, photosynthesis measurements were made on 34, 48, 64, 77, and 91 DAP. 
The latest fully developed leaf (generally 3rd or 4th leaf from the top) was used for 
photosynthesis measurements. Measurements representing normal leaf position and 
orientation were replicated on five plants per plot. 
Site description 
The soils at the Ames site are predominantly Nicollet loam in the Clarion-
Nicollet-Webster soil association. Physical properties of the soils are presented by 
Kanwar (1988). Nine field lysimeters of 3 m by 6 m were installed at this site in 1986. 
Lysimeters were enclosed using a 0.25-mm thick plastic barrier to a depth of 1.2 m to 
prevent lateral subsurface water movement among plots. The plastic barrier was placed 
in a 0.2 m wide by 1.2 m deep trench around the perimeter of each lysimeter. A 
corrugated, perforated plastic tube (0.1 m diameter) was installed at the bottom of the 
trench inside the plastic barrier. Corrugated plastic pipe (0.46 m diameter by 1.35 m 
deep) was installed as a sump at the corner of each lysimeter. The two ends of the 
perforated plastic tube were inserted into the sump at 0.15 m from the bottom and 
trenches back-filled with excavated soil. In 1989, all lysimeters were enclosed with a 
0.25 mm thick pvc (poly-vinyl-chloride) flexible liner to a depth of 1.70 m. Each liner 
encased a square area (9 m x 9 m) with the 3 m x 6 m field lysimeter located in the 
center to prevent lateral movement of subsurface water. A detailed procedure for the 
lysimeter installation was presented by Kalita and Kanwar (1990). 
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A float mechanism was installed in each sump to maintain the desired water level 
in the lysimeter. An isometric view of the lysimeter with installed sump and float 
assembly is shown in Figure 1. Each lysimeter was connected to the main water-supply 
tank using a 0.075 m diameter pvc irrigation pipe. The main water-supply tank (1.6 m 
high and 1.3 m diameter) was raised 2.0 m from the soil surface and placed on a 
concrete floor. Hydraulic head was adequate for free flow of water from the tank to all 
lysimeters. The layout of the experimental area is shown in Figure 2. 
At the Ankeny site, a dual-pipe subirrigation system was installed in 1988 on a 
0.5-ha area with significant natural ground slope of 2.5 percent. This site is located on 
Nicollet loam soils and was selected for this study for its relatively large field size (130 
m X 40 m). The basic concept of the dual-pipe subirrigation system is illustrated in 
Figure 3. Shallow irrigation pipes were installed at a depth of 0.5 to 0.6 m parallel to 
and midway between drainage pipes, which were installed at 1.2 m depth. The natural 
ground slope along the length of the field allowed water tables to be maintained at 
various depths by controlling the subsurface drainage outflows and by supplying 
irrigation water through the subirrigation pipes. 
Cultural management 
Corn 'Pioneer 3379' was planted at both sites on 23 May 1989 and 8 May 1990. 
Harvesting dates were 31 October 1989 and 16 October 1990 at both sites. The plant 
density was 6.7 plants m'^ and row spacing was 0.75 m. Urea nitrogen fertilizer was 
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applied at planting at the rate of 200 kg-N ha ' in both fields, both years. Herbicides 
atrazine and lasso were applied at the rate of 2.2 kg ha"' in 1989 and 1990 at the Ames 
site and in 1989 at the Ankeny site. 
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RESULTS AND DISCUSSION 
Photosynthesis rates 
Photosynthesis rates as a function of time and water-table depth for the Ames and 
Ankeny sites are shown in Table 1. The photosynthesis rates at the Ames site during 
August 1989 were higher for the 0.3 m treatment depth than for the 0.6 and 0.9 m 
depths. The rainfall data during the growing seasons of 1989 and 1990 were collected 
at both sites within 100 m of the experimental fields. The 1989 season was relatively dry 
with May to October rainfall of 456 mm. In this dry season, the 0.3 m shallow water-
table depth supplied more water to the plant-root system than did 0.6 and 0.9 m water-
table depths. Good and Bell (1980) reported that photosynthesis rate is enhanced by 
providing adequate water supply that prevents stress. This may explain why higher 
photosynthetic rates were observed under shallow water-table conditions in 1989. 
Irradiance (photosynthetically active radiation) effects on photosynthesis rates 
were evaluated in the relationship presented in Figure 4. A best-fit hyperbolic 
mathematical relationship was determined that accounted for 57% of the variance. 
Similar results have been reported by Dwyer and Stewart (1986) for water deficit 
conditions. 
The 1990 season was very wet in comparison with the previous season. Rainfall 
between May and October 1990 was 822 and 775 mm for the Ames and Ankeny sites, 
respectively. At the Ames site, excess drainage water was continuously pumped 
(particularly after every major rainfall event) from the sumps to maintain the water tables 
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at 0.9 m depth. Photosynthesis rates for all water-table depths increased with time until 
the middle of July (70 days after planting) and thereafter decreased with small variations 
between water-table depths. The 1989 data (DAP 70, 77, 84, and 91) also showed a 
declining trend for August. Because of excessively wet conditions in 1990, soil water 
contents in the root zone remained near field capacity during most of the growing season. 
Therefore, water-table treatments had little effect on profile water distribution by depth 
and no clear relationship was observed between photosynthesis rate and water-table 
depth. 
At the Ankeny site, water-table depths during the 1990 growing season fluctuated 
from 0.03 to 1.25 m due to the combined effects of field slope and subirrigation practice. 
Table 1 shows that photosynthesis rates for five DAP at Ankeny site increased as water-
table depths increased and were extremely low at a location where the water table was 
nearly at the surface at one time during the growing season. This finding documents the 
effects of high water table on photosynthesis rates in a field crop. High water-tables 
restrict oxygen supply to roots and soil microorganisms. Root growth and survival 
require metabolic energy that is generated in aerobic conditions, but in absence of 
oxygen, this energy is significantly reduced (Cannell and Jackson, 1981). Therefore, crop 
physiological activities and photosynthesis rate may decline significantly. 
Least significant difference (LSD) values of treatment means for photosynthesis 
and PWUE are presented in Table 1. The effect of water-table depth on photosynthesis 
was not statistically significant on DAP 70, 78, and 84 for the Ames site in 1989. At the 
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Ames site in 1990, photosynthesis rates were not statistically significant for treatments 
on DAP 48, 70, 77, 84, and 91. In 1990, the overall crop growth at the Ankeny site was 
poor because of poor germination and weed damage associated with the effects of an 
error in herbicide application. Photosynthesis rates with 0.2 m water-table depths were 
significantly different from those with 0.3, 0.6, 0.9 and 1.1 m water-table depths. 
Comparison of photosynthesis rates for 1989 and 1990 at the Ames site on DAP 
70, 77, 84, and 98 shows that photosynthesis rates were higher in 1990 than in 1989. For 
a water-table depth of 0.3 m, photosynthesis rates in a relatively dry season varied from 
31 to 37 ju mol m"^ s'\ and in an extremely wet growing season from 28 to 51 mol m"^ 
s"'. The maximum photosynthesis rate at a water-table depth of 0.9 m in 1989 was only 
36 IX mol m'^ s"'. In 1990, it was as high as 53 fx mol m"^ s"' at similar plant age. In a 
relatively dry year like 1989, plants at shallow water-table depths were neither restricted 
to water supply nor subjected to excessively wet conditions, and hence they showed 
relatively higher rates of photosynthesis than did plants at deeper water-table depths. In 
fact, the 1989 data show a positive subirrigation effect on photosynthesis. In a very wet 
year like 1990, the soil profile was near field capacity because of continuous rainfall 
between May and October, and the water-table elevation had little influence on water 
supply to the plants. Thus, photosynthesis rates for plants at shallow water-table depths 
were almost equal to those at deep water-table depths. Therefore, the effect of water-
table depth on photosynthesis rates in a wet season was not conclusive. 
A best-fit stepwise regression model (R^ = 0.66) was obtained that related 
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photosynthesis rates to water-table depth, days after planting, and photosynthetically 
active radiation. The equation and the P-level of the partial regression coefficients with 
standard error (SE) values are given below: 
P = 24.8 •¥ 13.0 (WTD) - 0.40 (DAP) + 0.02 (PAR) (1) 
P-level = (0.001) (0.0168) (0.0001) (0.0001) 
SE = ±8.76 ±0.06 ±0.09 ±0.003 
where P is photosynthesis rate in /* mol m'^ s"', WTD is water-table depth in m, DAP is 
days after planting, and PAR is photosynthetically active radiation in n mol m'^ s"'. The 
numbers in parenthesis below the partial regression coefficients in equation 1 represent 
the probability that the partial regression coefficients are equal to zero. These values 
indicate that by using each of these variables in the model, there is no more than a 1.68 
percent probability of accepting the null hypothesis. The null hypothesis states that the 
partial regression coefficients are equal to zero. Details of the "stepwise regression 
method' and statistical indices are given elsewhere (Rawlings, 1988). 
Photosynthetic water-use efficiency 
Photosynthetic water-use efficiency (PWUE) indicates the rate of leaf CO; 
assimilation relative to water vapor flux and is obtained by dividing photosynthesis rate 
by stomatal conductance (Ritchie et al., 1990). The portable photosynthesis system was 
used to simultaneously measure both leaf stomatal conductance values and the 
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photosynthesis rates. The relation between water-table depth and PWUE at the Ames site, 
1989 and 1990 and at the Ankeny site, 1990 are presented in Table 1. Photosynthetic 
water-use efficiency values increased as water-table depths increased. Increase in leaf age 
also increased PWUE. At the Ames site in 1989, however, PWUE values on DAP 77 
were greater than those on DAP 84 and 98. Because of the overcast weather on day 77, 
the stomatal conductance was very low. Photosynthesis rates were also low but the 
stomatal conductance decreased to a greater extent than photosynthesis. Thus, PWUE 
values were high compared with clear day values on DAP 84 and 98. Similar effects on 
PWUE were reported by Ritchie et al. (1990) under moisture-deficit conditions. They 
also found that PWUE values decreased with the increase in relative leaf-water content. 
The LSD values indicate that PWUE values at Ames site in 1989 were significantly 
different at all three water-table depths on DAP 70, 84, and 98. The plants at shallow 
water-table depths possibly had higher relative leaf-water contents and thus low PWUE 
values, 
Photosynthetic water-use efficiency values at the Ames site in 1990 show similar 
results. These values increased with leaf age for all three water-table treatments up to 
DAP 84, and then decreased for DAP 91 and 98. Although PWUE values increased with 
increasing water-table depths, the relationship was not clear on DAP 48, 55, and 84. The 
LSD values show that PWUE values for 0.3 m water-table treatment were significantly 
different from those for 0.9 m water-table treatment on DAP 64, 70, 77, 91 and 98. 
At the Ankeny site, 1990, PWUE values were higher for increasing water-table 
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depths for all days of measurements. The plants with a water-table depth of 0.2 m 
showed significantly low PWUE values. The LSD values show that PWUE values at 
shallow water-table depths (0.2 to 0.3 m) were significantly different from those at 
water-table depths of 0.9 to 1.1 m on all days except on DAP 64. 
A best-fit stepwise regression model (R^ =0.71) relating PWUE values to water-
table depth, days after planting, and photosynthetically active radiation and the P-levels 
for the partial regression coefficients are given below: 
PWUE = -29.3 + 15.0 (WW) + 0.95 (DAP) 4- 0.015 (PAR) (2) 
P-level= 0.0001 0.0001 0.0001 0.0001 
SE = ±4.27 ±0.03 ±0.04 ±0.001 
where PWUE is in the unit of n mol CO2 (mol HgO) '. The units for WTD, DAP and 
PAR are same as given in equation 1. The probability levels mentioned below each of 
the partial regression coefficients in equation 2 indicate that all the variables used in 
equation 1 are highly significant in the model. 
Yield relationships with water table depths, photosynthesis rates, and PWUE 
Water-table treatments had significant effects on com yields both in 1989 and 
1990. Com yield increased significantly with increasing water-table depths from 0.3 to 
0.9 m. Average corn yields in the ly si meter plots at the Ames site, 1989 were 5,480, 
6,970, and 8,320 kg ha"' for water-table depths of 0.3, 0.6, and 0.9 m, respectively, with 
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a LSD value of 295 kg ha"' for treatment means. Average com yields at the Ames site 
in 1990 were 7,680, 8,670, and 9,920 kg ha"' for 0.3, 0.6, and 0.9 m water-table depths, 
respectively, with a LSD value of 175 kg ha '. The LSD values indicate that com yields 
were significantly different at 0.3, 0.6, and 0.9 m water-table depths at the Ames site for 
both years. Com yields in 1989 were less than those in 1990. In 1989, top soil in the 
lysimeter area was disturbed by a trencher while installing pvc barrier around each 
lysimeter plot. Surface soil was also dry at the time of planting in 1989 and seed 
germination was poor that resulted in lower yields in 1989. A shallow water-table depth 
of 0.3 m reduced oxygen supply to plant roots in the growing season, and corn yield 
decreased significantly. Wesseling (1974) reported similar results. 
At the Ankeny site, average corn yields were 11,430, 7,640, 7,610, 3,500 and 
2,300 kg ha"' for water-table depths of 1.1, 0.9, 0.6, 0.3, and 0.2 m, respectively, with 
a LSD value of 110 kg ha'. Corn yields at 0.3 and 0.2 m water-table depths were 
reduced significantly. Shallow water-table depths of 0.3 and 0.2 m during the growing 
season were harmful to crop roots in a very wet year. Crop stress developed because of 
oxygen deficiency in the root zone, and yield decreased. Com yields were not 
statistically different at 0.9 and 0.6 m water-table depths. In a wet year like 1990, a 
water-table depth of 1.1 m could probably maintain adequate oxygen in the root zone and 
therefore, the highest com yield was obtained at this water-table depth. 
Relationships between photosynthesis and yield for the dry season (1989) at the Ames 
site, and for the wet season (1990) at the Ankeny site are presented in Figures 5 and 6, 
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respectively. Both figures show that com yield increased with increasing water-table 
depths. However, data for the dry season (Figure 5) show a reverse trend for increased 
yield associated with reduced photosynthesis rates. The data for the Ames site in 1990 
show no distinct trend of photosynthesis rate with water-table depths, and therefore, 
photosynthesis and yield relationship was not clear. With the exception on DAP 34 and 
48 at the Ankeny site in 1990, photosynthesis rate and com yield did not show any 
distinct trend between 0.6 to 1.1 m water-table depths. However, for the 0.2 m water-
table depth, both yield and photosynthesis rate decreased significantly (Figure 6). The 
photosynthesis data at an early growth stage (DAP 34 and 48) indicated that com yield 
increased with photosynthesis rates. On DAP 48 and 64, the photosynthesis rates from 
plants at 0.6 and 0.9 m water-table depths were similar, and differences in yield were 
not significant. Statistical analysis indicated low correlation between yield and 
photosynthesis (Pearson correlation coefficient = 0.25). However, a best-fit regression 
model (R^ = 0.64) was obtained that relates yield to water-table depth (0.2 to 1.1 m) and 
photosynthesis rate. The equation and the P-levels of the partial regression coefficients 
are given below: 
y = 1,547 -t- 11,920 (WTD) - 4,200 (WW)- + 16.1 (P) (3) 
P-level= 0.0103 0.0001 0.0128 0.0536 
SE =±596 ±21.3 ±0.17 ±6.87 
where Y is yield in kg ha"', WTD and P are same as given in equation 1. The P-level 
of the partial regression coefficients indicate that WTD is the most significant parameter 
in the model, but photosynthesis rate is not highly significant in yield prediction. 
Significant positive relationships were determined between PWUE and yield for 
both dry and wet seasons (Pearson correlation coefficient = 0.67, P value=0.03). The 
relationship between yield and PWUE on four different days of measurements at the 
Ames site, 1989 is shown in Figure 7. The PWUE data on DAP 70 and 98 indicate 
relationship to be linear between crop yield and PWUE values for the dry season of 1989 
(Figure 7). A similar relationship between PWUE and yield was observed from data in 
1990 at the Ames site. The increased yield with increasing PWUE values for the Ankeny 
site, 1990 is shown in Figure 8. At the Ames site, increased yield was associated with 
increased PWUE values for all days of measurement, and the average relation between 
com yield and PWUE was only slightly nonlinear. Thus, in all cases, a positive 
relationship was observed between PWUE and yield. A positive relationship was not 
established between yield and photosynthesis rate. This finding indicates that PWUE can 
be useful when combined with data on water-table depth to project com yield. A best-fit 
regression model (R^ = 0.82) was obtained that relates yield as a function of water table 
depth (0.2 to 1.1 m) and PWUE values, and is given by the following equation: 
Y = 68 + 6.450 (WTD) - 6,000 (WTDf + 83.8 (PWUE) (4) 
P-level= 0.0004 0.0001 0.0096 0.02 
SE = ±9.5 ±10.2 ±0.17 ±3.5 
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where Y is yield expressed in kg ha ', WTD and PWUE are same as in equation 2. The 
P-levels of the partial regression coefficients indicate that all the variable used in equation 
4 were highly significant in the model. Equation 4 that quantifies yield as a function of 
PWUE and water-table depths is a more consistent relationship than equation 3 that 
quantifies yield based on photosynthesis rates. 
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CONCLUSIONS 
Shallow water-table depths increased photosynthesis rates in a dry season. 
However, in a wet season, depth of water table ranging from 0.3 to 1.1 m did not seem 
to affect the photosynthesis rates. At very shallow water-table depths (less than 0.2 m), 
photosynthesis rates decreased significantly. Photosynthesis rates were affected by 
irradiance, and a hyperbolic relationship was determined. Photosynthesis rates were 
higher for the wet season than for the dry season. The effects of water-table depths on 
PWUE were highly significant both in the dry and wet seasons. Photosynthetic water-use 
efficiency values were higher for the wet season than for the dry season, and these values 
were higher on plants at deeper water-table depths. The effects of water-table treatments 
on com yield were highly significant. Com yields significantly increased as water-table 
depths increased from 0.3 to 0.9 m in 1989, and from 0.2 to 1.1 m in 1990. A shallow 
water-table depth of 0.2 to 0.3 m significantly reduced com yield in the wet season. The 
relationships between photosynthesis rates and yield varied for dry and wet seasons and 
were not conclusive. However, positive relationships were obtained between PWUE 
values and yield under various water-table treatments for both dry and wet seasons. 
Photosynthetic water-use efficiency, when combined with data on water-table depths, has 
potential as a physiologically based indicator for predicting com yield under various 
water-table management practices. 
Table 1. Mean photosynthesis and PWUE values and their statistical significance for Ames site in 1989 and 1990, and 
Ankeny site in 1990 
site DAP 
Mean photosynthesis rate 
/i mol iti'^  s * 
Water-table depth, m 
1.1 0.9 0.6 0.3 0.2 LSD" 
Mean PWUE 
H mol COg/mol H2O 
Water-table depth, m 
1.1 0.9 0.6 0.3 0.2 LSD" 
Ames 70 36.1 34.8 36.6 10.2 69.4 53.2 35.2 12.5 
1989 77 25.7 24.7 31.0 10.6 96.9 97.5 87.8 8.5 
84 29.5 30.6 31.5 11.6 81.7 59.9 47.7 11.3 
98 29.7 32.4 34.9 3.9 96.9 89.9 81.0 6.8 
Ames 48 40.6 27.2 29.3 18.9 13.7 16.8 12.5 5.9 
1990 55 27.2 34.7 36.2 7.1 23.7 27.0 24.0 4.8 
64 34.7 49.5 40.1 5.2 56.5 52.1 31.5 10.7 
70 53.0 50.0 50.9 11.0 81.0 66.1 62.9 13.6 
77 46.3 45.6 44.0 9.4 110.4 100.9 83.9 11.4 
84 31.5 28.6 30.3 12.2 95.9 89.0 99.1 10.7 
91 30.9 30.0 34.8 16.7 108.9 79.9 75.8 14.2 
98 25.9 36.0 28.2 7.2 63.7 62.2 42.7 9.1 
Ankeny 34 34, . 3 33.9 21.4 17.8 4 .9 12.6 44.1 36.3 31.7 23.3 9. 3 12.3 
1990 48 94. 7 86.0 83.7 70.7 37 .5 10.3 73.6 67.7 58.2 46.2 39. 8 14.3 
64 43 .9 45.3 42.4 38.0 20 .2 11.2 35.3 34.4 34.7 29.6 27. 4 10.9 
77 30 .9 26.0 31.1 29.2 17 .0 5.4 99.8 93.3 92.6 83.0 61. 8 13.5 
91 31 .1 23.6 27.2 19.4 10 .3 6.9 83.9 83.4 83.7 61.5 56. 7 16.2 
"Least Significant Difference at P.05 level 
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PART 2: ENERGY BALANCE CONCEPT IN THE EVALUATION OF WATER 
TABLE MANAGEMENT EFFECTS ON CORN GROWTH 
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ABSTRACT 
The effects of water-table management (WTM) practices on com growth in 1989 
and 1990 at two field sites, Ames and Ankeny, Iowa were evaluated by calculating crop 
water stress index (CWSI) and monitoring plant physiological parameters during the 
growing seasons. Experiments were conducted on field lysimeters at the Ames site by 
maintaining water-tables at 0.3, 0.6, and 0.9 m depths and in a subirrigation field at the 
Ankeny site with 0.2, 0.3, 0.6, 0.9, and 1.1 m water-table depths, and periodically 
measuring leaf and air temperature, transpiration rate, stomatal conductance and solar 
radiation using leaf-chamber techniques. Net radiation was estimated under various WTM 
practices using the leaf energy balance equation and leaf-chamber measurements and then 
correlated with incoming solar radiation. Analysis of data revealed that net radiation, 
leaf-air temperature differential, transpiration rate, stomatal conductance, and CWSI were 
strongly related to WTM practices during vegetative and flowering stages of com 
growth. Excess water in the root zone with a water-table depth of 0.2 m caused the 
maximum crop water stress and ceased crop growth. Both water and oxygen could be 
adequately maintained for favorable crop growth by adopting the best WTM practice. 
Results indicate that plant physiological parameters and CWSI could be used to evaluate 
the effectiveness of WTM practices and develop the best WTM practice for corn growth 
in the humid region. 
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INTRODUCTION 
Water-table management in the artificially drained areas of Iowa is very important 
to sustainable agriculture because about 40 percent of Iowa's com and soybean acreages 
are currently artificially drained. Optimum water-table management (WTM) practices that 
include drainage, controlled drainage, and/or subirrigation have the potential to increase 
net farm returns in terms of crop yield and to reduce chemical transport through soil 
profile to groundwater (Kalita and Kan war, 1989). These practices need to be evaluated 
for both high yields and low pollutant discharge. The benefits of drainage and 
subirrigation to crop production are well documented (Kanwar, 1988; Kanwar et al., 
1988a; Kalita and Kanwar, 1989; Evans et ai., 1990). Extensive work has been done in 
the Netherlands during the 1950s to establish relations between average seasonal water-
table depths and crop yields. Wesseling (1974) reported that reduced oxygen supply to 
the roots resulting from shallow water-table depths leads to decreased rate of 
transpiration, nutrient uptake, photosynthesis, and crop growth. In the North Central 
region of the United States, WTM practices could result in 1250 to 2500 kg ha"' increase 
in com yields and 625 to 2500 kg ha ' increase in soybean yields (Schwab et al., 1985). 
Water-table management practices help maintain adequate soil-moisture and soil-
air in the crop root zone and create favorable plant growth conditions. The quantity of 
soil-moisture and soil-air in the root zone, however, depends on the depth at which the 
water-table is maintained. Based on the availability of soil-moisture and soil-air in the 
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root zone, crop physiological growth differs significantly, and transpiration rates, 
stomatal conductivities, photosynthesis rates, and canopy temperatures vary. Canopy 
temperature has long been recognized as an indicator of water availability to plants 
(Wiegand and Namken, 1966). Idso et al. (1977) and Jackson et al. (1977) used canopy-
air temperature differential as an index of crop water status. The daily crop 
évapotranspiration has also been successfully estimated from one-time measurement of 
the day using a factor readily calculated from day of year and time of day for latitudes 
between 60°S and 60°N (Jackson et al., 1983). Extensive work has been done to relate 
plant water stress to the canopy temperature (Idso 1982; Jackson, 1982; Jackson et al., 
1977, 1981; Idso et al., 1981, 1982, 1984, 1985, 1986), Idsoetal. (1981) and Jackson 
et al. (1981) developed an index for crop water status known as Crop Water Stress Index 
(CWSI). This index has later been referred to as IJ (Idso-Jackson) plant water stress 
index (Idso et al., 1986), which was subsequently used in a context not directly related 
to water stress (Idso et al., 1989). 
Jackson et al. (1981) described energy balance considerations while developing 
CWSI from the canopy measurements. They approximated net radiation as 0.75 of the 
incoming solar radiation based on experimental results of Fritschen (1967). Fritschen 
(1967) observed from a series of experiments on irrigated crops at Phoenix that the ratios 
of net and solar radiation were 0.75, 0.65, 0.80, 0.75, 0.73, 0.75, and 0.73 for Alfalfa, 
Barley, Wheat, Oats, Cotton, Sorghum, and all crops, respectively. Monteith and Szeicz 
(1962) found from experiments in England that net radiation as a percentage of solar 
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radiation income was 37 percent for bare soil, 41 percent for short grass, 46 percent for 
tall crops, and 53 percent for water. They also reported the results of another study by 
Roach (1955), who observed during summer at Kew that net radiation was 50 percent of 
solar radiation for turf. These studies indicate that the relation between net and solar 
radiation may vary depending upon type of crops and location. 
Crop water stress index has been a useful tool for quantification of crop water 
stress and irrigation scheduling. It essentially quantifies crop water stress instantaneously 
for an area of a field using an infrared and wet- and dry-bulb air thermometer and 
estimated value of net radiation in minutes (Jackson et al., 1981). This index could be 
used to detect the occurrence of nonpotential transpiration, evaluate the amount of 
extractable water from the soil, and separate total plant water potential into atmospheric-
and soil-induced components (Idso et al., 1982). With the development of leaf-chamber 
techniques, the canopy measurements have become much faster and easier, and CWSI 
has the potential to evaluate various aspects of a crop production system. The leaf-
chamber measurements, however, maintain higher values of evaporative demand in the 
chamber than those in the external environment (Grantz and Meinzer, 1991). The leaf 
microenvironment is altered by closure of leaf-chamber (Monteith, 1990) as noted by 
Idso et al. (1986, 1987, 1988). Grantz and Meinzer (1991) suggested that when large 
changes occur in the microenvironment, measurements must be made rapidly and related 
to conditions at the leaf surface before enclosure of leaf in the leaf-chamber. 
In this study, energy balance and CWSI concepts were used to evaluate the effects 
54 
of WTM practices on com growth in the humid regions. To the best of authors' 
knowledge, this is the first study in which these concepts were used for water-table 
management. Two years of field data were collected from two different locations in Iowa 
where five different water-table depths were studied. The overall objective of this study 
was to determine the value of net radiation and CWSI for different WTM practices. This 
study also evaluates the effects of various WTM practices on com growth. 
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THEORETICAL INVESTIGATIONS 
The energy balance concept has been reviewed here to show the development of 
CWSI and to demonstrate how net radiation is estimated from the leaf-chamber 
measurements. Measurements of leaf and air temperature and CO2 exchange between 
individual leaves and the atmosphere have been greatly facilitated by leaf-chamber 
techniques. Stomatal conductance, transpiration rate, and intercellular CO; concentration 
can be estimated using these instruments. Leaf-chamber measurements are invaluable aid 
to the study of crop growth and its dependence on environmental and agronomic factors. 
The measurement techniques are discussed later in "experiments" section. Through an 
analysis of the leafs energy balance in the chamber, it is possible to obtain alternative 
determinations of quantities such as transpiration, leaf temperature, or net radiation. 
Energy balance concept 
The surface temperature of vegetation is the equilibrium temperature at which the 
net increase in energy from incoming radiation is exactly equal to the energy loss in the 
form of sensible and latent heat transfer from leaves to the surrounding air (Monteith and 
Szeicz, 1962). The energy balance equation can thus be written (Jackson et al., 1981) as 
R^=G^H+XE (1) 
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where R„ = net radiation (W m'^), 
G = heat flux below canopy (W m'^), 
H = sensible heat flux (W m"^) from canopy to air, and 
XE = latent heat flux (W m'^) to the air with X being heat of vaporization and 
E being transpiration rate. 
The sensible and latent heat fluxes are defined by equations 2 and 3, respectively: 
H =  (2) 
(3) 
Vu 
where p = air density (kg m'^), 
Cp = specific heat capacity of air (J kg"' 
Te = canopy (leaf) temperature ( °C ), 
T, = air temperature (°C), 
r, = aerodynamic resistance to vapor transport (s m"'), 
eo = effective leaf surface vapor pressure (Pa), 
e. = vapor pressure of air (Pa), and 
7 = psychrometric constant (Pa °C"'). 
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During the normal process of leaf transpiration, the air within sub-stomatal 
cavities is almost saturated (Milthorpe, 1961), and the effective leaf surface vapor 
pressure can be approximated an equal to saturated vapor pressure (e,) at leaf surface 
temperature T, (Monteith and Szeicz, 1962). If r, is the resistance to molecular diffusion 
through leaf stomata (also called stomatal resistance), the latent heat of vaporization can 
be written as 
X E -  < " >  
If evaporation from the soil is negligible, (3) and (4) could be combined to give the 
following equation: 
X E =  _ (5) 
Y(r^+V 
Combining (1), (2), and (5) and neglecting the small downward flux of heat from the 








The upper limit of T, - T, can be found from (6) by allowing stomatal resistance 
r, to increase without bound. Therefore, as r, -* oo, (T^ - TJ becomes maximum and (6) 
reduces to 
( T - T )  = - 2 _ f  ^  '  
^ c 'a^max 
For potential transpiration from crop leaves, the stomatal resistance r, is probably not 
zero (van Bavel and Ehrler, 1968), but has a value called canopy resistance at potential 
évapotranspiration r^p, and r,p would be different for different crops (Jackson et al., 





Crop water stress index 
A crop with adequate water in the root zone will transpire at the potential rate for 
that crop. As water becomes limiting, the actual évapotranspiration will fall below the 
potential rate. A measure of the actual to potential évapotranspiration is defined as an 
index of crop water status (Jackson et al., 1981; Idso et al., 1981). For r, -» r^p, 
transpiration becomes potential transpiration XE^. Therefore, 
Taking the ratio of actual to potential transpiration from (5) and (9), we obtain the 
following equation: 
k E  (10) j p  
V. 
The ratio in (10) varies from 0 to 1, 1 for adequate availability of soil water for potential 
transpiration rate (r, = r^p ) and 0 for no available water for transpiration (r, = oo). The 
Crop Water Stress Index has been defined by Jackson et al. (1981) as 
CTK9/=1— (11) 
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where r, = actual stomatal resistance at the time of measurement, r,p = minimum 
stomatal resistance at potential transpiration, and 
r. = aerodynamic resistance to vapor transport (also called boundary layer 
resistance in leaf-chamber measurements). 
CWSI varies from 0 to 1, 0 for no stress and 1 for fully stressed plant conditions. 
Leaf-chamber energy balance 
In the leaf-chamber measurement technique, the sensible heat flux, H, and the 
latent heat flux, XE are determined using the following equations (LI-6200: Technical 
Reference, 1987): 
where gy is the boundary layer conductance (mol m'^ s"') of one side of the leaf, p is in 
g mol ', Cp is in J g ' °C"', T, and T, are in °C, and E is transpiration rate in mol m'^ s"'. 
The units of H and XE are the same as those defined in (1). Therefore, the net radiation 
R„ can be determined from (12) and (13) to result in the following relation: 
H  =  2 g , p C ^ ( T , - T J  
XE = 44100 E (13) 
(12) 




Experiments were conducted at Iowa State University's research centers in Ames 
and Ankeny, Iowa. The soils at these sites are predominantly Nicollet loam in the 
Clarion-Nicollet-Webster soil association. Table 1 lists some of the physical properties 
of the soils at these two sites. 
At the Ames site, experiments were conducted in 12 field lysimeters. Each 
lysimeter was constructed by enclosing a 3m x 6m area with a 0.25-mm thick plastic 
liner to a depth of 1.2 m to prevent lateral movement of subsurface water from the plot 
area. This was done by using a ditch-witch trencher to make a 0.2-m-wide and 1.2-m-
deep trench around the perimeter of each 3m X 6m area. The bottom of the trench was 
manually finished with a tile-trench crumber. A corrugated, perforated plastic tube (100 
mm outside diameter) was installed at the bottom of the trench inside the plastic barrier. 
Another 1.35-m-deep corrugated plastic pipe (0.46 m outside diameter) was installed as 
a sump at the comer of each lysimeter. The two ends of the perforated plastic tube were 
inserted into the sump at a height of 0.15 m from the bottom. The trenches were back­
filled with the excavated soil. All 12 field lysimeters were installed in 1986 and drainage 
studies were conducted in the lysimeters from 1986 to 1988. In 1989, the lysimeters were 
enclosed with another 0.25-mm-thick pvc (poly-vinyl-chloride) flexible liner to a depth 
of 1.7 m to encase a much larger area of 9 m x 9 m with the 3 m x 6 m-field lysimeter 
located in the center of the enclosed area to ensure that subsurface water did not move 
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laterally between ly si meters to a depth of 1.7 m. A detailed procedure for the lysimeter 
installation is described by Kalita and Kanwar (1989) and is also shown in Figure 1. 
A float mechanism was installed in each sump to maintain the desired water-table 
depth in the lysimeter plot area. Each lysimeter was connected to the main water-supply 
tank with a 75-mm-diameter pvc irrigation pipe. The main water-supply tank (1.6-m-high 
and 1.3-m-in-diameter) was raised 2 m from the soil surface on a concrete floor to 
maintain sufficient hydraulic head for gravity flow of water from the tank to all 
lysimeters for maintaining water tables in the plot area. The layout of the experimental 
area is shown in Figure 2. 
In 1988, a dual-pipe subirrigation system was installed at the Ankeny site on a 
0.5-ha area with significant natural ground slope of 2.5 percent. The basic concept of 
the dual-pipe subirrigation-system is illustrated in Figure 3. Shallow irrigation pipes were 
installed at a depth of 0.5 to 0.6 m parallel to and midway between drainage pipes, 
which were installed at a depth of 1.2 m. Because of the natural ground slope along the 
length of the field, water tables could be maintained at various depths below the soil 
surface by controlling the subsurface drainage outflows and by supplying irrigation water 
through the subirrigation pipes. 
Plant culture 
The com genotype Pioneer 3379 was planted at both sites. In 1989, seeds were 
planted on 23 May and harvested on 31 October at both sites. In 1990, seeds were 
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planted on 8 May and harvested on 16 October at both sites. The plant population was 
66,600 per ha with a row-to-row distance of 0.75 m and a seed-to-seed distance of 0.2 
m in each field. Nitrogen fertilizer in the urea form was applied on the day of planting 
at a rate of 200 kg-N ha '. Atrazine and Lasso were applied at a rate of 2.2 kg ha ' in 
1989 and 1990 at the Ames site but were applied only in 1989 at the Ankeny site. 
Water-table management treatments 
At the Ames site, water-table depths were maintained at 0.3, 0.6, and 0.9 m in 
1989 and 1990. Each WTM practice was replicated three times. Water-table depths were 
raised to the desired depths on 53 and 52 days after planting (DAP) in 1989 and 1990 
to allow com roots to develop within 0.9 m of soil profile before flooding the root zone. 
Water tables were maintained at those depths until the harvesting time. Soil moisture 
contents at different depths were monitored with a neutron probe. 
At the Ankeny site, water-table depths ranged from 0.03 to 1.25 m during the 
growing season. Average water-table depths at five locations A, B, C, D, and E (where 
monitoring devices were installed in the subirrigation field) were 0.2, 0.3, 0.6, 0.9, and 
1.1m, respectively. A maximum water-table depth of 1.25 m was observed at location 
E in the beginning of the season, and a minimum water-table depth of 0.03 m was 
observed at location A during the growing season because of heavy rainfall. Water-table 
depths, however, were maintained through subirrigation from 2 July (53 DAP) to 12 
September (96 DAP). 
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Measurements of plant physiological parameters 
Leaf transpiration, stomatal conductivity, and leaf and air temperatures were 
measured with the LICOR-6200 portable photosynthesis system by enclosing the leaf in 
the chamber and for a short interval of 10 to 20 seconds. This system consists of a COj 
analyzer, a system console, and a sensor housing with interchangeable leaf chambers. 
The CO2 analyzer is a differential, nondispersive, infrared-type (NDIR) instrument 
calibrated for measurements of 0-1100 ppm. Details of this measurement system are 
given in "LI-6200: Technical Reference (1987)". All measurements were made between 
12-00 to 14-00 hrs of the day and generally under clear sky. If clouds appeared during 
any measurement, the observed data changed significantly and were therefore discarded, 
and new measurements were taken later on the same plant. Rainfall during the growing 
season was recorded at both field locations about 100 m away from experimental sites. 
Measurements on plant physiological parameters were made on a weekly basis at 
the Ames site in 1989 and 1990, and on biweekly basis at the Ankeny site in 1990. In 
1989, measurements were made in the field ly si meters at the Ames site only during 
August. The latest fully developed leaf (generally 3rd or 4th leaf from the top) was used 
for these measurements. Measurements that did not disturb leaf position or orientation 
were replicated on five plants at each lysimeter or field location. Thus, the average 
value of the measurements on 15 plants for each treatment was used for the analysis. 
Soil-moisture contents were measured in the lysimeter plots with a neutron probe. 
Neutron count ratio was recorded at every 0.15 m interval up to 1.5 m depth below soil 
65 
surface. These measurements were taken every week during the growing season. A 
calibration curve was developed before the start of water-table treatments by collecting 
nine soil samples from within a radius of 0.2 to 0.3 m from the access tube at each depth 
and recording corresponding neutron count ratios. Soil-moisture contents for all the 
samples were determined by oven-dry method and converted into volumetric moisture-
content by multiplying them by the corresponding measured bulk density of the soil 
profile at that depth. A regression equation was made from the pooled data of moisture-
content and neutron count ratio giving a coefficient of correlation of 0.81. 
RESULTS AND DISCUSSION 
Net and solar radiation and water-table depth 
The relation between net radiation and irradiance measured during the two-year 
study period is shown in Figure 4. Irradiance is defined as the incoming solar radiation 
received by the leaf surface. In studies of physiological processes, it is appropriate to 
express irradiance as photosynthetically active radiation (PAR) because it is often 
measured with a sensor whose spectral sensitivity is matched to the broad waveband 
appropriate to photosynthesis (Grace, 1983). The net radiation utilized by the plant leaves 
for sensible and latent heat flux was estimated by using the leaf-chamber energy balance 
equation, (14). A linear relation was obtained between the pooled data of net radiation 
and irradiance by regression analysis with a coefficient of correlation of 0.7. This 
relation indicates that, on an average, net radiation was about 70 percent of the incoming 
solar radiation, which was measured during the peak hours of a day under clear sky 
(Fig.4). The extreme values of the ratio for net and solar radiation were 0.37 and 0.89 
under different WTM practices during the growing season. Net radiation of corn leaves 
at various water-table depths were significantly different from each other. Table 2 shows 
the level of significance for water-table depths on net radiation, leaf-air temperature 
differential, transpiration, stomatal conductivity, and CWSI. 
Compared with 1990,1989 was a relatively dry year. The monthly rainfall during 
the growing seasons of 1989 and 1990 at both field locations are shown in Table 3. In 
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1989, measurement on plant physiological parameters were taken between 70 and 98 
days after planting. Figure 5 shows that in 1989 net radiation decreased with time 
between 70 and 98 days after planting, and significantly high net radiation was observed 
for plants at 0.3 m water-table depth and the lowest net radiation values were found at 
0.9 m water-table depth. One reason for this phenomenon was that plants at a water-table 
depth of 0.3 m received adequate water supply for evaporative demand unlike plants at 
0.6 and 0.9 m water-table depths in a dry season of 1989. Therefore, plants at 0.3 m 
water-table position used more solar radiation because of high latent heat flux. Figures 
6 and 7 show the relation between net radiation and water-table depths in 1990 for the 
Ames and Ankeny sites, respectively. Table 2 shows that net radiation, before the start 
of water-table treatments, was not significantly different between plots. Figure 6 shows 
that net radiation increased for all the plots after the water-table treatments were started 
and that it reached the maximum value on day 64 after planting. The highest net radiation 
values of 865, 730, and 640 W m'^ were estimated 64 days after planting for water-table 
depths of 0.3, 0.6, and 0.9 m, respectively. With increase in plant age, net radiation 
declined for all three water-table depths, and the differences in net radiation among 0.3, 
0.6, and 0.9 m water-table depths also decreased. Figure 7 shows similar results for the 
subirrigation field at Ankeny. The minimum net radiation in this field was observed at 
0.2 and 1.1 m water-table depths. A water-table depth of 1.1 in showed low values of 
net radiation due to inadequate water supply to the plants for latent heat flux, whereas 
a reduction of net radiation at 0.2 m water-table depth was definitely due to poor aeration 
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in the crop root zone. High water-table depth caused waterlogging, which restricted the 
supply of oxygen to roots and soil microorganisms first by displacing air from soil and 
then by slowing the diffusion of oxygen (Cannell and Jackson, 1981). Therefore, plant 
leaves could not transpire at normal rate; latent heat flux was decreased, and thus net 
radiation was significantly reduced. 
Leaf-air temperature and water-table depth 
Air and leaf temperatures during growing seasons of two years are shown in 
Figure 8. The 45° dashed line describes a relation if leaf temperature (TJ is equal to air 
temperature (TJ. For air temperatures between 25 to 33°C, the differences between T, 
and T, were almost negligible, and, for air temperature greater than 33°C, leaf 
temperatures fell slightly below the air temperature and deviated from the dashed line 
(Figure 8). These results are supported by those of Jackson (1982), who reported that, 
in a humid environment, canopy-air temperature differences would be very small and 
positive in many situations. Another study by Idso et al. (1986) also documented that leaf 
temperatures were much smaller than air temperatures as the air temperatures increased 
under cloudless sky and in sealed and unventilated greenhouse conditions. 
The leaf-air temperature differential under various WTM practices are shown in 
Figures 9, 10, and 11. Figure 9 shows that leaf temperatures were lower than air 
temperatures when water-tables were at 0.3 and 0.6 m, but were higher than air 
temperatures for 0.9 m water-table depth. The maximum and minimum differences 
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between leaf and air temperatures were 1.1°C and -0.9°C for water-table positions of 0.3 
and 0.9 m, respectively. Figure 10 shows that leaf-air temperature differentials were 
positive for all lysimeter plots before water-table treatments began in 1990. After water-
table depths were raised to 0.3, 0.6, and 0.9 m, Tc-T, decreased in all plots. For 0.9 m 
water-table depth, T^-T. decreased to almost zero on day 64 after planting and thereafter 
increased to 0.9°C on day 98 after planting. Water-table depths of 0.6 and 0.3 m 
revealed that Tg-T, decreased to -0.82°C and -1.2°C, respectively, on day 64 after 
planting, and then increased to -0.1°C and -0.3°C, respectively, on day 98 after planting. 
Temperature differentials were significantly different for different water-table depths. 
Comparing Figures 9 and 10, one can find that T^-T, was higher at all water table depths 
in 1989 than in 1990. This difference was due to high rainfall in 1990. Rainfall during 
the growing season of 1990 often supplied additional moisture to crop root zone above 
the water-table position, and, therefore, leaf temperatures were lower than those of the 
dry season of 1989. In the dry year, soil-moisture for the plant roots were extracted only 
from the water tables, and a shallow water table was able to supply more water to plant 
roots at shallow depth. 
Figure 11 shows the effect of five different water-table depths on T^-T, in the 
subirrigation field at Ankeny. At the initial crop stage, T^-T, increased with plant age up 
to 0.6°C on day 48 after planting when the water table was below 1.2 m in all plots. 
After water-tables were raised by subirrigation, T^-T, decreased significantly to about -
O.S^C in plots where water-table was maintained at 0.3, 0.6, and 0.9 m depths, and to -
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0.4°C for 1.1 m water-table depth. But 0.2 m water-table depth did not show much 
decrease in T^-T,. A rapid increase in T^-T, within a short time was observed for water-
table depth of 0.3 m in this field. In the subirrigation field, water tables could not be 
maintained at constant depths and as mentioned earlier fluctuated during the growing 
season. Because of the combined effect of heavy rainfall and water table fluctuation, the 
plots at 0.3 m water-table depth also suffered from waterlogging during certain periods 
in the 1990 growing season; waterlogging also increased leaf temperature. This effect 
was not observed in the lysimeter plots with 0.3 m water-table depth because excess 
water above the desired water-table depth was automatically pumped out of the system 
after every rainfall event. A water-table of 1.1 m depth in the subirrigation field could 
not supply adequate amount of water to the plant leaves, whereas very shallow water-
table depths (0.2-0.3 m) caused waterlogging; both conditions increased leaf temperature 
in the subirrigation field. Figures 9 to 11 indicate that water-table depth was most 
sensitive to leaf temperature between 55 and 75 days after planting (late vegetative and 
early flowering stage of com) in the humid environment. 
Transpiration rate and water-table depth 
Leaf transpiration rate was significantly affected by water-table depths. Plants 
with shallow water-table depth always showed higher transpiration rates than plants with 
deep water-table depths. Figures 12, 13, and 14 show the relation between water-table 
depths and transpiration rates during the growing season. Figure 12 shows that the 0.3 
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m water-table depth gave significantly higher transpiration rate than did 0.6 and 0.9 m 
water-table depths during 70 to 98 days after planting in the lysimeter plots in 1989. 
Table 2 also indicates that water-table depths significantly affected transpiration rates. 
Figure 13 shows that transpiration rate increased by almost two times only three days 
after water-table depth was raised to 0.3 m, and 1.5 times for water-table depths raised 
to 0.9 m in the lysimeter plots in 1990. The maximum transpiration rates at the peak 
hour during the daytime were 33, 28, and 23 mm day"' for water-table depths of 0.3, 
0.6, and 0.9 m, respectively, on day 64 after planting. Transpiration rates decreased with 
plant age after 64 days. Transpiration rates were 15, 12.5, and 10.8 mm day ' for 0.3, 
0.6, and 0.9 m water-table depths, respectively during the peak daytime hour on day 98 
after planting. A comparison of Figures 12 and 13 and an evaluation of data from Table 
2 show that transpiration rates were significantly higher in 1990 than in 1989 in the 
lysimeter plots. The decrease in transpiration rate with plant age was a result of increased 
stomatal resistance. Figure 14 shows that plants at a water-table depth of 0.2 m had the 
minimum transpiration rates in the subirrigation field in 1990. Transpiration rates 
increased significantly for water-table depths of 0.3, 0.6, and 0.9 m, but transpiration 
rates increased insignificantly for 0.2 and 1.1 m water-table depths. The maximum 
transpiration rate at 0.2 m water-table depth during the peak hour of day 64 was 23 mm 
day'\ and it decreased to 7 mm day"' on day 98 after planting for plants at the same 
water-table depth. Cannell and Jackson (1981) reported that waterlogging could cause 
shoots to wilt in a very short time. Waterlogging could cause physiological drought to 
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plant leaves by increasing resistance to water flow in the roots. When stomata are open 
wide enough to allow a rapid rate of water loss, and in contrast, when roots reduce water 
supply to the leaves, the plant leaves wilt and, as a result, transpiration rate slows down 
significantly. It was also observed that transpiration exhibited similar relations as net 
radiation under all different WTM practices. 
Stomatal conductance and water-table depth 
The relation between stomatal conductance and water-table depths for the 
lysimeter plots at the Ames site for 1989 is shown in Figure 15. At 0.3 m water-table 
depth, stomatal conductance was significantly higher than at 0.6 and 0.9 m water-table 
depths. Similar observations were made in 1990 (Figure 16). Figure 16 shows that, three 
days after water-table depths were raised to 0.3, 0.6, and 0.9 m depths, stomatal 
conductivities increased by more than 2.5 times for plots with 0.3 m, and about two 
times for plots with 0.6 and 0.9 m water-table depths. The highest stomatal conductivity 
values were observed on day 64 after planting as 78, 60, and 40 mm s"' for water-table 
depths of 0.3, 0.6, and 0.9 m, respectively. These values decreased with plant age and 
reached almost to one value (10 mm s"') on day 98 after planting at all three water-table 
depths. Figure 17 shows stomatal conductances in the subirrigation field at Ankeny in 
1990. After the subirrigation treatments were started, stomatal conductivity values 
increased at all but 0.2 m water-table depth. At 0.2 m water-table depth, stomatal 
conductance decreased from 35 mm s"' to 20 mm s"' within 14 days after water-table 
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treatments began. Maximum stomatal conductivity of 47 mm s"' was observed for water-
table depth of 0.3 m on day 64 after planting, and this value was significantly smaller 
than the maximum stomatal conductance in the lysimeter plots. Table 2 indicates that 
stomatal conductances were significantly different at the two experimental sites. Stomatal 
conductances were very sensitive to water-table position during the greater part of the 
growing season, specially during the late vegetative and early flowering stages of com 
(55 to 75 days after planting). The relation between CWSI and stomatal conductance is 
shown graphically in Figure 18. All the values for stomatal conductance were measured 
during the peak hours of the day. But Whitfield (1990) observed from experiments on 
irrigated wheat in Australia that maximum values of stomatal conductance were from 
before-noon measurements. Idso et al. (1988) reported that directly measured stomatal 
conductivity values could be lower than what was characteristic of nonchamber plants in 
the free air. 
Crop water stress index 
Crop Water Stress Index values calculated using (11) are shown in Figures 19, 
21, and 23. Figure 19 shows the relation between water-table depths and CWSI for the 
lysimeter plots in 1989. It is clear from this figure that at all water-table depths, CWSI 
values increased with plant age. Crop water stress index values with 0.3 m water-table 
depth were significantly smaller than those with 0.6 and 0.9 m water-table depths. The 
volumetric moisture contents at various soil depths in the lysimeter plots in 1989 are 
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shown in Figure 20. The saturated volumetric moisture content of the soil profile was 46 
percent, and the soil above 0.3 m water-table depth remained almost saturated (42 to 46 
percent) at all times during the growing season. Moisture contents were measured every 
week, but identical results were obtained most of the time and, therefore, are not shown 
in the Figure. With 0.6 m water table depth, moisture contents of 0.15 to 0.5 m soil 
profile were between 35 and 42 percent. But for 0.9 m water-table depth, moisture 
contents in the top 0.5 m soil profile were less than 30 percent during the growing 
season. 
Crop water stress index values in the lysimeter plots for 1990 are shown in Figure 
21. This figure shows that CWSI decreased significantly after water-table depths were 
raised to 0.3, 0.6, and 0.9 m. On day 64 after planting, CWSI for plants with 0.3 m 
water-table depth was very close to zero, and the CWSI values with 0.6 and 0.9 m 
water-table depths were only 0.1 and 0.2, respectively. Crop water stress index values 
increased after 64 days, and a CWSI value of 0.8 was observed for plants with all three 
water-table depths on day 98 after planting. Although the water tables were maintained 
at the desired depths for the rest of the growing season, CWSI values increased 
significantly because of increased stomatal resistances. The moisture contents of the soil 
profiles above water-table depths for 1990 are shown in Figure 22. It is obvious from 
this figure that moisture contents in the soil profiles in 1990 were higher than those in 
1989 because of high rainfall in 1990. Figure 21 shows that after 77 days, CWSI values 
were similar for plants at all three water-table depths. Figures 21 and 22 show that not 
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only the increase in CWSI values after 77 days of planting did not result from inadequate 
water supply but from plant age (increased stomatal resistance) but also the various 
water-table depths did not affect CWSI values after 77 days. Therefore, in terms of crop 
production, subirrigation or WTM practices can be stopped after flowering stage of com 
(after 77 to 80 days) in the humid environment. For 1989, data also revealed similar 
results. The water-table was maintained in these plots until harvesting to manage and 
reduce NO3-N in the groundwater (three years of experimental results show that by 
maintaining a shallow water-table depth of 0.3 to 0.6 m in the com field during the entire 
growing season, NO3-N concentration in the groundwater can be reduced significantly). 
Crop water stress index values in the subirrigation field in 1990 are shown in 
Figure 23. This figure shows that with water-table depth of 0.2 m, CWSI values 
increased significantly. Crop water stress index values increased up to 0.9 on day 91 
after planting for 0.2 m water-table depth. The waterlogging condition caused by the 0.2 
m water-table depth damaged the plant roots, and the plants wilted. The results show that 
excess water in the root zone increases crop water stress. To reduce crop water stress, 
both water and oxygen are needed in adequate amounts. The higher CWSI values at 1.1 
m water-table depth were caused by inadequate water supply. In this field, the minimum 
CWSI of 0.15 on day 64 after planting was estimated for a water-table depth of 0.3 m. 
The results of these experiments show that WTM practices can reduce crop water 
stress significantly until flowering stage of corn. Crop water stress index increases with 
plant age irrespective of water-table depth after this stage. This finding is supported by 
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a report of Jackson (1982) from some experiments on wheat; the experiments showed 
that, as the wheat matured, green leaves began to die, causing transpiration to decrease, 
and thus, after an irrigation, plant temperature remained high, causing a high CWSI even 
though the fraction of extractable water used was low. He also reported that a reduction 
in growth rate was imminent for CWSI greater than 0.3 and that for CWSI equal to 0.5, 
net growth would cease and might decrease. He suggests that irrigation should be given 
when CWSI is within 0.3-0.5, and the precise value should be determined by water 
availability and other management factors. It was observed from the subirrigation field 
that, CWSI values with 0.2 m water-table depth exceeded 0.5 during the peak vegetative 
growth stage and that the plant growth completely stopped. Therefore, supporting 
Jackson's statement, the author also suggests that excess water should be removed by 
lowering the water-table depth when CWSI is within 0.3-0.5. Crop water stress index 
values with all water-table depths during the vegetative and flowering stages of com 
represented water-table management/subirrigation effects on com growth very well. 
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CONCLUSIONS 
The results of the experiments with com indicate that the effectiveness of WTM 
practices on crop growth can be successfully evaluated by using an energy balance 
concept and CWSI. Several crop physiological parameters (net radiation, transpiration, 
and stomatal conductance) exhibited similar relations with various WTM practices during 
the growing season. The crop physiological parameters were very sensitive to the water-
table depth during the vegetative and flowering stages of com. The highest values of net 
radiation, transpiration, and stomatal conductance were observed on day 64 after planting 
(late vegetative stage) for a water-table depth of 0.3 m. On the contrary, a shallow water-
table depth of 0.2 m caused waterlogging in the root zone and resulted in the poorest 
plant growth and the lowest values of net radiation, transpiration, and stomatal 
conductance. These results indicate that plant physiological parameters could be used to 
evaluate and develop the best management practices. 
Leaf-air temperature differential and CWSI also showed strong relations to WTM 
practices. The minimum leaf-air temperature differential and CWSI were observed on 
plants with 0.3 m water-table depth. A water-table depth of 0.2 m caused the maximum 
crop water stress. Crop water stress index values were critical during the vegetative and 
flowering stages of com, and CWSI could be significantly reduced by adopting the right 
WTM practice. Excess water with 0.2 m water-table depth harmed crop growth more 
than did inadequate water in the root zone with 1.1m water-table depth. Adequate soil-
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moisture and oxygen are both needed for plant growth, which could be maintained by 
adopting the best WTM practice. Water-table management practices, thus, can be 
successful and effective when various plant physiological parameters are monitored and 
CWSI is adjusted to enhance crop growth. 
Table 1. Selected physical properties of the soils at the Ames and Ankeny experimental sites 
Depth Sand Silt Clay pH Bulk density Organic matter 
m % % % Mg m-3 % 
Nicollet loam soil at the Ames site* 
0.15 31.3 43.6 25.1 7.3 1.20 4.3 
0.30 31.2 42.8 26.0 6.7 1.30 4.0 
0.60 42.2 42.2 30.1 6.9 1.35 2.9 
Nicollet loam soil at the Ankenv site'' 
0.15 29.5 44.3 26.2 5.9 1.25 3.2 
0.30 31.5 40.4 28.1 6.6 1.49 2.3 
0.60 38.6 34.1 27.3 7.1 1.46 1.5 
"Kanwar et al. (1988). ''Charkhabi (1990). 
Table 2. Level of significance (P-level) of water-table depth, location, and time on different physiological parameters 
Parameters DAP'=48 DAP=64 DAP=70 DAP=77 DAP=84 DAP=91 DAP=98 
RN* WTD* 0.159 0.013 0.016 0.0005 0.088 0.058 0.057 
Field 0.01 0.136 - 0.006 - 0.075 -
Year - - 0.038 0.002 0.040 0.105 
TD* WTD 0.136 0.036 0.037 0.015 0.006 0.043 0.026 
Field 0.045 0.955 - 0.384 - 0.23 -
Year - - 0.269 0.796 0.057 0.71 
TRAN* WTD 0.32 0.20 0.016 0.001 0.058 0.090 0.24 
Field 0.015 0.28 - 0.231 - 0.45 -
Year 
- -
0.093 0.008 0.096 0.33 
COND* WTD 0.15 0.042 0.052 0.015 0.012 0.012 0.04 
Field 0.003 0.09 - 0.028 - 0.878 -
Year - - 0.082 0.035 0.190 - 0.08 
CWSI* WTD 0.23 0.05 . 0.042 0.125 0.50 
Field 0.02 0.057 - 0.04 - - -
Year - - - 0.16 0.184 - 0.42 
•DAP= days after planting, CWSI= crop water stress index, TRAN= transpiration rate, COND= stomatal conductance, 
RN= net radiation, TD= leaf-air temperature differential, WTD= water table depth. 
Table 3. Monthly and total seasonal rainfall during the growing seasons, Ames and Ankeny sites 
Month Ames site Ankeny site 
1989,mm 1990, mm 1989, mm 1990,mm 
May 106 217 102 120 
June 89 201 93 252 
July 62 196 112 228 
August 44 109 108 107 
September 81 57 0 21 
October 74 42 79 47 
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Figure 4. Relation between net radiation and solar radiation at 
Ames and Ankeny sites. 
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Figure 7, Net radiation for the subirrigation field at Ankeny, 1990. 
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Figure 12. Transpiration rates for the lysimeter plots near Ames, 1989. 
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Figure 13. Transpiration rates for the lysimeter plots near Ames, 1990. 
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Figure 14. Transpiration rates for the subirrigation field at Ankeny, 1990. 
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Figure 15. Stomatal conductance for the lysimeter plots near Ames, 1989. 
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Figure 19. Crop water stress index for the lysimeter plots near Ames, 1989. 
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Figure 20. Volumetric soil-moisture contents at various depths for three 
water table positions in the lysimeter plots near Ames, 1989. 
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Figure 21. Crop water stress index for the lysimeter plots near Ames, 1990. 
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Figure 23. Crop water stress index for thé subirrigation field at Ankeny, 1990. 
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PART 3: EFFECT OF WATER TABLE MANAGEMENT PRACTICES ON THE 
TRANSPORT OF NITRATE-N TO SHALLOW GROUNDWATER 
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ABSTRACT 
Field experiments were conducted for three years (1989-91) at the research farms 
of Iowa State University near Ames and Ankeny to evaluate water-table management 
(WTM) effects on groundwater quality. Water-table depths of 0.3, 0.6, and 0.9 m were 
maintained in field lysimeters at the Ames site, and variable water-table depths were 
maintained in a subirrigation field at the Ankeny site. Water samples were collected from 
various soil depths to analyze NO3-N concentrations in groundwater. Concentration of 
NO3-N in groundwater changed with WTM practices. The lowest NO3-N concentrations 
were observed when water-table depths were maintained at 0.2 and 0.3 m from the soil 
surface. NO3-N concentrations in groundwater also decreased with increased soil depth 
under all WTM practices. Results showed that NO3-N concentrations in groundwater 
could be significantly reduced by maintaining shallow water-table depths. Crop yields 
were much higher under water-table depths of 0.6 to 0.9 m in all years at both field 
locations than under other water-table depths. But com yield decreased significantly 
under shallow water-table depths of 0.2 to 0.3 m. Results of this study indicate that 
WTM practices can be used to reduce effectively NO3-N concentrations in groundwater 
while sustaining crop yield at an optimum level. 
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INTRODUCTION 
Groundwater quality degradation in rural areas is frequently attributed to 
agricultural production practices involving the use of fertilizers and pesticides for 
sustaining productivity. A fraction of farm chemicals moves to surface and groundwater 
reservoirs by mass flow and/or diffusion processes. The accrual of soluble inorganic 
nitrogen from agricultural fertilizers, particularly nitrate-nitrogen (NO3-N) to 
groundwater is a natural process and a source of potential degradation of groundwater 
(Prunty and Montgomery, 1991). At present, groundwater contamination from 
agricultural nonpoint sources has become a major environmental concern, and the 
awareness of the need to protect the groundwater quality is increasing. Hubbard and 
Sheridan (1989) documented that in many agricultural areas, NO3-N levels in drinking 
water were significantly higher than the maximum contaminant level of 10 mg/1 as 
recommended by the U.S. Environmental Protection Agency. 
Several studies were conducted in the last two decades to monitor 
subsurface drainage water quality from agricultural areas (Schwab et al,, 1973; Baker 
and Johnson, 1976; Bengtson et al., 1984; Kanwar and Baker, 1991; Kanwar et al., 
1988b). Reviews of several other studies are presented by Gilliam and Skaggs (1986) and 
Hallberg (1986). Hallberg (1986) reported an almost linear increase in groundwater 
nitrate concentration over the last 20 years. Logan et al. (1980) reported NO3-N 
concentration ranging from 0.5 to 120 mg/1 in tile drainage water under corn in Iowa, 
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Minnesota, and Ohio. In Iowa, Baker et al. (1975) and Baker and Johnson (1981) 
observed NO3-N levels of 10 to 70 mg/1 in subsurface water samples from tile lines 
under com rotated with oats or soybean. Although groundwater contamination has been 
documented in Iowa and other states, the mechanisms of contaminations are often 
unknown. Hallberg (1986) has suggested that infiltration recharge may be the primary 
delivery mechanism of agriculture related contaminants to the groundwater. Researchers 
are investigating the possibility of developing the best management practices to protect 
water resources from chemical pollution while sustaining crop productivity. The 
agricultural management practices such as crop rotations, chemical management, and 
water-table management (WTM) practices are considered to reduce the negative effects 
of the use of agricultural chemicals on groundwater. 
Water-table management includes subsurface drainage, controlled drainage, and/or 
subirrigation and maintains shallow water-table depths in the field during certain periods 
of the growing season. Water-table management research has been conducted primarily 
during the last decade in Indiana, Iowa, Louisiana, Ohio, North Carolina, and Michigan 
and focused on crop yields, economic benefits, and modeling of the flow systems 
(Melvin and Kanwar, 1991; Fausey et al., 1991). Few studies have been reported in the 
literature on the benefits of using WTM practices for reducing water quality degradation 
(Belcher, 1989; Kalita and Kanwar, 1989; Kanwar et al., 1989). The most frequently 
observed benefit of WTM on water quality has been its influence on total nutrient 
transport in drainage outflow (Evans et al., 1989a). Evans et al. (1989b) reported that 
99 
drainage control reduced the annual transport of total nitrogen (NC^-N and TKN) at the 
field edge by 46 percent and total phosphorous by 44 percent. Similar results have been 
reported using simulation methods (Skaggs and Gilliam, 1981; Deal etal., 1986). Gilliam 
et al. (1979) reported NO3-N concentration reduction of nearly 50 percent under 
controlled drainage when compared with artificially drained fields. 
Water-table management has been identified as a beneficial practice for reducing 
NO3-N loss from soil system to the groundwater through increased denitrification in the 
shallow water tables (Skaggs and Gilliam, 1981; Gilliam and Skaggs, 1986; Kalita and 
Kanwar, 1989; Write et al., 1989; Kanwar and Kalita, 1990). The benefits of WTM 
practices on water quality are being investigated under different soils, crops, and climatic 
conditions in Iowa (Kanwar, 1990), Georgia (Thomas et al., 1991), Louisiana (Bengtson 
et al., 1991), Michigan (Belcher and Merva, 1991), North Carolina (Skaggs et al., 
1991), and Ohio (Fausey et al., 1991). The overall objective of this study was to evaluate 
the effect of WTM practices on water quality and crop productivity. This paper reports 
the effects of various WTM practices on the transport of NO3-N to shallow groundwater 
at various depths during three growing seasons (1989-91). 
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METHODS AND MATERIALS 
Site description 
Experiments were conducted during 1989-91 at Iowa State University's research 
sites in Ames and Ankeny, Iowa. The soils at these sites are predominantly Nicollet loam 
in the Clarion-Nicollet-Webster soil association. Table 1 lists some of the physical 
properties of the soils at these two sites. 
At the Ames site, nine field lysimeters of 3 by 6 m^ were installed in 1986. 
Lysimeters were enclosed using a 0.25 mm thick plastic barrier to a depth of 1.2 m to 
prevent lateral subsurface water movement among plots. The plastic barrier was placed 
in a 0.2 m wide by 1.2 m deep trench around the perimeter of each lysimeter. A 
corrugated, perforated plastic tube (100 mm diameter) was installed at the bottom of the 
trench inside the plastic barrier. Corrugated plastic pipe (0.46 m diameter by 1.35 m 
deep) was installed as a sump at the comer of each lysimeter. The two ends of the 
perforated plastic tube were inserted into the sump at 0.15 m from bottom, and trenches 
were back-filled with excavated soil. In 1989, all lysimeters were enclosed with a 0.25 
mm thick pvc (poly-vinyl-chloride) flexible liner to a depth of 1.7 m. Each liner encased 
a square area (9 m by 9 m) with the 3 by 6 m^ field lysimeter located in the center to 
prevent lateral movement of subsurface water. A float mechanism was installed in each 
sump to maintain the desired water level in the lysimeter. Figure 1 shows an isometric 
view of the lysimeter with installed sump and float assembly. Each lysimeter was 
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connected to the main water-supply tank using a 75 mm in diameter pvc irrigation pipe. 
The main water-supply tank (1.6 m high and 1.3 m in diameter) was raised 2.0 m from 
the soil surface and placed on a concrete floor. Hydraulic head was adequate for free 
flow of water from the tank to all lysimeters. Figure 2 shows the layout of the 
experimental area. 
At the Ankeny site, a dual-pipe subirrigation system was installed in 1988 on a 
0.5-ha area with significant natural ground slope of 2.5 percent. The basic concept of 
the dual-pipe subirrigation system is described by Melvin and Kanwar (1991), and 
illustrated in Figure 3. Shallow irrigation pipes were installed at a depth of 0.5 to 0.6 m 
parallel to and midway between drainage pipes, which were installed at a depth of 1.2 
m. The natural ground slope along the length of the field allowed water tables to be 
maintained at various depths by controlling the subsurface drainage outflows and by 
supplying irrigation water through the subirrigation pipes. 
Water-table treatments 
At the Ames site, water-table depths were maintained at 0.3, 0.6, and 0.9 m 
during the growing seasons of 1989, 1990, and 1991. Water-table treatments were 
replicated three times using nine field lysimeters. Water-table elevations were raised to 
the desired depths 53, 52, and 50 days after planting (DAP) in 1989, 1990, and 1991, 
respectively. The elapsed time from planting to water-table treatment allowed corn roots 
to develop within the 0.9 m soil profile. Water-table elevations were maintained at 
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treatment depths until harvest time. Observation wells (25 mm in diameter and 1.5 m 
long pvc pipes) were installed to monitor water level in the lysimeters. 
At the Ankeny site, water-table depths ranged from 0.03 to 1.25 m during the 
growing season. The average water-table depths at five locations A, B, C, D, and E 
(where monitoring devices were installed in the subirrigation field) were maintained at 
0.2, 0.3,0.6, 0.9, and 1.1 m, respectively. A maximum water-table depth of 1.25 m was 
observed at location E in the beginning of the season, and a minimum water-table depth 
of 0.03 m was observed at location A once during the growing season due to heavy 
rainfall in 1990. Water-table depths, however, were maintained through subirrigation 
from 53 to 96 DAP in 1989 and 1990 and from 45 to 97 DAP in 1991. 
Subsurface water sampling 
For collecting shallow groundwater samples, solute suction tubes were made by 
coupling a 2-bar porous ceramic cup at the end of 38 mm diameter pvc pipes of different 
lengths. Suction tubes were sealed at the top with rubber stoppers and installed at the 
center of each lysimeter to collect water samples from depths of 0.15, 0.3, 0.6, 0.9, 1.2, 
1.5, and 2.1 m. Piezometers made of 25 mm in diameter pvc pipes were installed in each 
lysimeter at 1.2, 1.8, and 2.4 m depths to collect water samples and to monitor 
piezometric heads. 
At the Ankeny site, solute suction tubes were installed at 0.9, 1.2, 1.5, and 2.1 
m depths at three locations (B, C, and D) with three replications at each location. At 
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each location, piezometers were installed at 1.2, 1.8, and 2.4 m depths at locations A, 
C, and E with three replications. 
Water samples were collected from piezometers and solute suction tubes biweekly 
in 1989 and monthly in 1990 and 1991 from both sites for NO^-N analysis. For collecting 
samples from the solute suction tubes, vacuum was created with a vacuum pump in those 
tubes one day before sample collection. Piezometers were also pumped out one day 
before sampling. Water samples were collected on the following day and preserved in 
the cold chamber at 4°C for analysis. 
Soil-moisture contents by depths were monitored weekly in the lysimeter plots 
using a neutron probe. A calibration curve of 0.81 was developed for the neutron 
probe before the start of water-table treatments by collecting a large number of soil 
samples. 
Plant culture 
Corn 'Pioneer 3379' was planted on 23 May, 1989 and 8 May, 1990 at both sites. 
Harvesting dates were 31 October, 1989 and 16 October, 1990 at both sites. In 1991, 
corn was planted on 24 May at the Ames site and 27 May at the Ankeny site, and it was 
harvested on 10 October at both sites. The plant population was 66,600 per ha with a 
row-to-row distance of 0.75 m and a seed-to-seed distance of 0.2 m at each site. Urea 
nitrogen fertilizer was broadcasted at planting every year at the rate of 200 kg-N ha '. 
Herbicides atrazine (QHi^ClN;) and alachlor (trade name Lasso, C,4H2oClN02) were 
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applied at the rate of 2.2 kg ha ' every year at the Ames site, but only in 1989 and 1991 
at the Ankeny site. Crop growth parameters on plant height and photosynthesis were 
monitored weekly at the Ames site and biweekly at the Ankeny site during the growing 
seasons. 
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RESULTS AND DISCUSSION 
The NO3-N concentration changed with different WTM practices at different soil 
depths and days after planting (DAP) and for different years. N03-N concentrations in 
groundwater changed significantly with water-table depths and amount of rainfall during 
the growing seasons. Rainfall data were collected at sites within 100 m from the 
experimental fields. The 1989 season was relatively dry with May to October rainfalls 
of 456 and 494 mm at the Ames and Ankeny sites, respectively. The 1990 season was 
very wet in comparison to the previous season with rainfalls of 822 and 775 mm at Ames 
and Ankeny sites, respectively. Seasonal rainfalls in 1991 were 520 and 535 mm at the 
Ames and Ankeny sites, respectively. 
NO3-N concentrations in groundwater at the Ankeny site 
Piezometer water samples: The average NO3-N concentrations in groundwater in the 
subirrigation field at the Ankeny site are shown in Figures 4, 5, and 6. Figure 4 shows 
variations in NO3-N concentration in piezometer water samples at 1.2, 1.8 and 2.4 m 
depth as a function of DAP. The average water-table depths in this field at the time of 
sampling are also shown in Figure 4. Water-table depths at three locations where 
piezometers were installed fluctuated from 1.6 to 1.0, 1.1 to 0.35, and 0.8 to 0.12 m 
during the growing season and are referred to as deep, medium, and shallow water-table 
depths. NO3-N concentrations in groundwater under shallow water-table depths were 
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always less than those with medium and deep water-table depths, and the lowest NO3-N 
concentrations were observed on 84 DAP under shallow water-table depth. NO3-N 
concentrations in groundwater decreased with increased soil depth under all three water-
table conditions. At the 1.2 m soil depth, concentration of NO3-N in groundwater varied 
from 7 to 2.5, 15 to 8.0, and 20 to 17 mg/1 under shallow, medium and deep water-table 
depths, respectively. Similarly, variations in NO3-N concentration were observed from 
4 to 2.5, 15 to 8, and 20 to 14 mg/1 at 1.8 m depth, and from 4 to 2, 10 to 5, and 18 
to 11 mg/1 at 2.4 m depth for shallow, medium, and deep water-table conditions, 
respectively. These results indicate that NO3-N concentrations in groundwater can be 
lowered by maintaining shallow water-table depths due to denitrification. 
In 1990, water samples were collected monthly to reduce the number of samples 
and analytical costs. Figure 5 shows the concentrations of NO3-N in piezometer water 
samples as a function of water-table depth for 1990. A NO3-N concentration of as high 
as 67 mg/1 was observed at 1.2 m depth under the deep water-table condition. NO3-N 
concentrations during the early part of the growing season of 1990 were significantly 
higher than those in 1989. These values ranged from 42 to 18, 17 to 13, and 6 to 7 mg/1 
at 1.8 m depth, and from 36 to 18, 2 to 1.5, and 4 to 1 mg/1 at 2.4 m depth under deep, 
medium, and shallow water-table conditions, respectively. The major rainfall events 
occurring in the late spring and early part of the growing season of 1990 caused 
significant movement of NO3-N from the surface layer to the deeper depths immediately 
after N application. In 1990, plant growth was also restricted at the Ankeny site because 
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of weed damage resulting from a herbicide application error. NO3-N concentrations, 
however, were significantly lower under shallow water-tables than under deeper water-
tables. 
A high rainfall was received during the spring of 1991, but the rest of the 
growing season received a low rainfall. Figure 6 shows NO3-N concentrations in 
piezometer water samples at the Ankeny site for 1991. Water tables were almost 
maintained at 1.1, 0.65, and 0.3 m depths near the piezometer locations between 45 and 
97 DAP. NO3-N concentrations observed in 1990 at 1.2, 1.8, and 2.4 m depths were 
very similar to those observed in 1989. 
Suction tube water samples: Concentrations of NO3-N in groundwater (from suction tube 
water samples) as a function of water-table depth at the Ankeny site are presented in 
Table 2. Groundwater samples at 0.9, 1.2, 1.5, and 2.1 m depths showed trends of NO3-
N concentrations similar to the piezometer samples under shallow, medium, and deep 
water-table depths. These results also indicate that NO3-N concentrations in groundwater 
can be reduced by maintaining shallow water-table depth. NO3-N concentrations at 0.9 
m depth were reduced from 21 to 6, 49 to 8, and 31 to 3 mg/1 by maintaining shallow, 
medium, and deep water-table depths through subirrigation practice. At 1.2, 1.5, and 2.1 
m soil depths, NO3-N concentrations were always lower under shallow water-table depths 
than those under medium and deep water-table depths. The concentrations of NO3-N in 
groundwater were reduced to 2.3, 1.9, and 6.2 mg/1 at 2.1 m depth at the end of the 
108 
1989 growing season under shallow, medium, and deep water-table depths. 
Table 2 also shows that average NO3-N concentrations in groundwater at the 
Ankeny site in 1990 were much higher than those in the previous year. This differences 
were due to poor plant growth (and reduced N uptake) because of herbicide application 
error. The trends of NO3-N concentrations in groundwater at 0.9, 1.2, 1.5, and 2.1 m 
soil depths were similar to those observed at 1.2, 1.8, and 2,4 m depths (Figure 5). 
In 1991, NO3-N concentrations in groundwater at the Ankeny site at 0.9,1.5, and 
2.1 m depths were less than 20 mg/1 (Table 2). NO3-N concentrations were much lower 
when shallow water-table depths were maintained during the growing season (Table 
2). 
NO3-N concentrations in groundwater at the Ames site 
Piezometer water samples: The relations between NO3-N concentrations in the 
piezometer water samples as a function of DAP and water table depths for the lysimeter 
plots at the Ames site are shown in Figures 7, 8, and 9. Water-table depths were 
precisely maintained at 0.3, 0.6, and 0.9 m in the lysimeter plots during the growing 
seasons of 1989, 1990, and 1991. In 1989, NO3-N concentrations in groundwater were 
less than 10 mg/1 (an EPA drinking water standard) at 1.2, 1.8, and 2.4 m depths under 
0.3, 0.6, and 0.9 m water-table depths (Figure 7). The lowest concentrations of NO3-N 
in groundwater were always observed in the lysimeters in which water-table depths were 
maintained at 0,3 m. NO3-N concentrations in groundwater decreased with time. After 
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harvesting (120 DAP), higher NO3-N concentrations in groundwater were observed at 
1.2 m depth under all three water-table conditions. 
Figure 8 shows that NO3-N concentrations in groundwater decreased with 
increasing soil depth at all times during the growing season of 1990. The lowest NO3-N 
concentration of nearly 1 mg/l was observed at 2.4 m soil depth under 0.3 m water-table 
depth. NO3-N concentrations in groundwater in 1990 were significantly higher than those 
in 1989. At the end of the growing season (160 DAP), concentration of NO3-N in 
groundwater was reduced to 1, 2.5, and 12 mg/l at 2.4 m depth when water-table depths 
were maintained at 0.3, 0.6, and 0.9 m, respectively. 
Figure 9 shows that in 1991 the NO3-N concentrations at 1.2 m depth varied from 
40 to 28, 9 to 5.5, and 9 to 4 mg/l under 0.9, 0.6, and 0.3 m water-table depths, 
respectively. NO3-N concentrations at the beginning of the growing season were 
significantly higher under 0.9 m water-table depth than those under 0.6 and 0.3 m water-
table depths. With 0.3 and 0.6 m water-table depths, NO3-N concentrations in 
groundwater could be maintained below the EPA drinking water standard of 10 mg/l at 
1.2, 1.8, and 2.4 m depths. 
Suction tube water samples: NO3-N concentrations in groundwater at 0.3, 0.6, 0.9, 1.2, 
1.5, and 2.1 m depths (suction tube water samples) at the Ames site are presented in 
Table 2. In 1989, NO3-N concentrations under 0.3, 0.6, and 0.9 m water-table depths 
were less than 10 mg/l at 1.5 and 2.1 m soil depths. At 0.3 m depth with a water-table 
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depth of 0.3 m, NO3-N concentration decreased, from 18 mg/1 (at the beginning of the 
growing season) to 0.7 mg/1 (at the end of the growing season). But with the water-table 
depth at 0.6 m, NO3-N concentration in the unsaturated zone at 0.3 m depth was as high 
as 34 mg/1 and then decreased to 11 mg/1 at the end of the growing season. Similarly, 
with 0.9 m water-table depth, NO3-N concentrations at 0.6 m soil depth varied between 
16.5 and 16 mg/1. NO3-N concentrations in groundwater decreased with increasing soil 
depth under all three water-table treatments, and shallow water-table depth significantly 
reduced NO3-N concentrations in groundwater at all depths. 
The analysis of water samples in the unsaturated zone at 0.3 m depth in the 
lysimeter plots showed that nearly 300 mg/1 of NO3-N concentration was detected after 
a major rainfall in 1990. An NO3-N concentration of KX) mg/1 was also observed at 0.6 
m soil depth when water-table depths were maintained at 0.6 and 0.9 m (Table 2). A 
shallow water-table depth of 0.3 m, however, significantly reduced NO3-N concentrations 
in groundwater at all depths during the growing season of 1990. At deeper soil depths 
(1.5 and 2.1 m), NO3-N concentrations in groundwater were extremely low. 
The concentrations of NO3-N in groundwater in the unsaturated zone were higher 
than those in the saturated zone. Data in Figures 4 through 9 and Table 2 show that, by 
maintaining water table at shallow depths, NO3-N concentration in groundwater could be 
significantly reduced. The reduction of NO3-N concentration at shallow water-table depth 
was possibly enhanced by increased denitrification. In the saturated zone where soil-air 
was replaced by water, the bacterial reduction of NO3-N to dinitrogen was possibly 
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greatly enhanced. Drury et al. (1991) reported that soil physical and chemical factors 
such as oxygen, organic C, pH, and temperature would affect soil denitrification. They 
observed a direct relationship between denitrification and microbial biomass content. 
Myrold and Tiedje (1985) reported that active denitrifier biomass was directly related to 
moisture content and organic carbon, whereas pH had no consistent effect on 
denitrification, but, under water saturated conditions, denitrification capacity could be 
significantly increased. These reports support the results of our WTM experiments in 
which NOj-N concentration in groundwater was significantly reduced by maintaining 
shallow water-table depths. The organic matter contents of the soils at the experimental 
sites were higher at shallow than at deep soil depths (Table 1), and therefore, microbial 
biomass population was also probably high at shallow depths. When the water-table 
elevations were raised to shallow depths (0.3 to 0.6 m), the microbial biomass activity 
in water saturated conditions possibly increased significantly, NOj-N was reduced at an 
enhanced rate, and low concentrations of NO3-N were observed in groundwater. At 
deeper depths, organic matter content was less and consequently, microbial biomass were 
present in relatively smaller numbers. Therefore, although the soil was saturated with a 
water-table depth of 0.9 to 1.1 m and anaerobic conditions prevailed, the reduction of 
NO3-N possibly took place at a slower rate, and relatively higher NO3-N concentrations 
were observed under deep water-table depths than under shallow water-table depths. 
The relation between the enhanced rate of denitrification and increased anaerobic 
condition with increased soil depth under any water-table depth, however, is ambiguous. 
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Microbial biomass population at deeper depth is smaller than at shallow depth. A large 
quantity of NOj-N is reduced to dinitrogen at shallow depths, and only a small quantity 
of NO3-N has the potential to leach down to deeper soil depths under normal condition. 
The small quantity of NO3-N that moves to deeper depths is further reduced at and below 
the water-table depth by the fewer microbial biomass present at those depths. Therefore, 
with the increased soil depth below the water table, NOj-N concentrations in groundwater 
decreased. 
Crop yield 
Corn yields for 1989, 1990, and 1991 for the Ames and Ankeny sites are 
presented in Table 3. At the Ames site, the highest com yield was obtained from the 
plots under 0.9 m water-table depth, and the lowest yield was obtained from the plots 
under 0.3 m water-table depth. Yields for 1989 were lower than those for 1990 and 
1991. In 1989, top soil in the lysimeter field was disturbed before planting during the 
installation of the pvc liner. Moreover, 1989 was a dry year, and the seed germination 
was poor. Many plants were transplanted, and their growth was poor. But, com yield 
was lower under shallow water-table depth (0.3 m) for all three years at the Ames site 
than under the other two water-table treatments (0.6 and 0.9 m). 
At the Ankeny site, the highest yields were obtained when water-table depths 
varied from 0.6 to 0.9 m in 1989 and 1991. In 1990, crop growth was very poor because 
of weed damage. Weed damage, however, was minimum at the location where water-
113 
table was maintained at 1.1 m depth. The highest yield was obtained from that location. 
At a water-table depth of 0.2 m, crop yield was very poor in 1990. High rainfall and 
shallow water-table caused almost surface flooding conditions (water table within 0.03 
m depth from the surface) for a few days during the growing season, and yield decreased 
significantly at locations where water tables were at 0.2 m depth. On the average, the 
highest com yield was obtained at locations where water-table depths were between 0.6 
and 0.9 m in the subirrigation field. 
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CONCLUSIONS 
The concentrations of NO3-N in groundwater in the Nicollet loam soil were 
observed as affected by the WTM practices for three com growing seasons (1989-91). 
Results from both experimental sites show that NO3-N concentrations in groundwater 
could be reduced by maintaining shallow water-table depths of 0.3 to 0.6 m during the 
growing season. With an increase in soil depth below any water-table position, NO3-N 
concentrations decreased. In the unsaturated zone, NO3-N concentrations as high as 300 
mg/1 were observed. These concentrations were reduced to less than EPA health standard 
of 10 mg/1 by adopting the appropriate WTM practices that help sustaining crop yield at 
an optimum level while reducing negative impacts of agricultural chemicals in 
groundwater. The trends of NO3-N concentration in groundwater as a function of water-
table depths were consistent for all three years of data at both field locations. Water 
samples collected from suction tubes and piezometers gave consistent and similar results. 
Yield data showed a decreasing trend with shallow water-table depths. In the lysimeter 
plots, yield was maximum under water-table depth of 0.9 m, and, in the subirrigation 
field, a water-table depth of 0.6 to 0.9 m showed the highest yields. These results 
indicate that NO3-N concentrations in groundwater can be significantly reduced while 
corn yield can be maintained at an optimum level by adopting the right WTM practices. 
Therefore, appropriate use of WTM is recommended as a Best Management Practice for 
reducing concentration and transport of NO3-N to shallow groundwater systems. 
Table 1. Selected physical properties of the soils at the Ames and Ankeny experimental sites 
Depth Sand Silt Clay PH Bulk density Organic matter 
m % % % Mg m'S % 
Nicollet loam soil at the Ames site' 
0.15 31.3 43.6 25.1 7.3 1.20 4.3 
0.30 31.2 42.8 26.0 6.7 1.30 4.0 
0.60 42.2 42.2 30.1 6.9 1.35 2.9 
Nicollet loam soil at the Ankenv site'' 
0.15 29.5 44.3 26.2 5.9 1.25 3.2 
0.30 31.5 40.4 28.1 6.6 1.49 2.3 
0.60 38.6 34.1 27.3 7.1 1.46 1.5 
'Kanwar et al. (1988). ^Charkhabi (1990). 
Table 2. NO3-N concentrations in suction tube water samples for 1989, 1990, and 1991 
Year Ankeny site Ames site 
DAP UTD, m NOj-N, mg/l DAP UTD, m NO3-H, mg/l 
1989 
1990 
0.9m 1.2m 1.5m 2.1m 0.3m 0.6m 0.9m 1,2m 1.5m 2.1m 
34 1.40 30.8 19.5 15.3 49 1.5 6.5 
1.10 48.6 17.0 15.4 6.2 1.5 - - - - 2.7 1,2 
1.00 21.0 16.1 13.7 1.8 1.5 - ' - - 2.5 2.0 
70 0.90 25.0 - 13.5 11.2 63 0.9 - 16.5 19.5 15.3 7.0 4.8 
0.50 14.9 13.6 11.4 5.6 0.6 33.6 16.6 9.1 7.8 2.4 1.8 
0.35 14.4 11.0 8.0 2.4 0.3 18.4 14.7 9,7 7.2 0,7 1.7 
84 0.80 20.2 16.7 16.8 7.4 77 0.9 - - 20,8 11.7 5,5 4.4 
0.35 13.4 12.7 11.8 3.7 0.6 6.9 6.6 4.6 2.9 0,7 1.4 
0.20 12.0 9.8 7.5 1.4 0.3 6.5 4.6 3.8 2.2 1.2 2.0 
98 1.00 7.0 13.5 10.2 10.2 91 0.9 - 3.3 5.1 5.8 4,4 4.2 
0.65 11.3 10.3 8.7 4.2 0.6 - 2.2 3.3 1.4 0.9 0.8 
0.50 10.0 9.3 5.7 1.3 0.3 3.7 2,5 2.0 1.3 1.0 1.8 
116 1.10 3.0 9.1 8.1 7.9 105 0.9 - - 5.9 5.9 4.9 3.4 
0.75 8.1 7.8 6.5 3,1 0.6 - 2.3 3.1 2.6 2.0 1.5 
0.60 6.3 5.8 5.0 2.1 0.3 3.1 1,3 1.3 1.4 1,0 1.2 
143 1.10 6.9 10.4 10.1 - 134 0.9 - - 2.3 5.7 4.3 3.8 
0.75 7.5 6.6 4.1 1.4 0.6 - 1.6 2,1 2.6 1.9 1.5 
0.70 6.8 6.3 3.7 2.4 0.3 0.7 0.7 0,7 0.7 1.3 1.4 
172 1.15 - 9.9 8.2 6,2 162 0.9 - 16.2 8.3 5.4 3.5 3.1 
0.90 8.0 6.9 3.6 1,9 0.6 11,1 6.6 3.3 2,3 1.6 1.6 
0.80 7.5 5.9 2.9 2,3 0.3 7.0 1.3 1.1 1.2 1.3 1.2 
37 1.20 35.5 34.9 28.1 26,7 41 1.2 134,0 55.5 52,0 25.4 18.4 7.9 
0.90 23.9 21.5 18.8 10.4 1.2 109.1 61.7 19.9 11.4 7.4 4.8 
0.75 16.5 11.8 13.8 4.0 1.2 108.8 53.6 5.4 12.2 7.0 3.5 
64 0.90 32.1 31.5 30.4 29.1 67 0.9 113.0 98.4 75,6 57.6 15,1 8.5 
0.60 28.1 22.4 19.5 11.5 0.6 93.0 100.7 19.7 16.9 8.0 5.1 
0.30 18.0 16.6 13.9 3.2 0.3 65.1 34.7 2.0 11.0 7.5 2.5 
Table 2 (continued) 
92 0.90 30.4 29.9 31.9 31,0 
0.60 26.6 23.0 19.7 13.7 
0.30 19.0 18.3 8.5 5.3 
120 0.90 26.7 18.0 20.3 12.7 
0.60 16.6 17.4 15.5 8.1 
0.30 14.4 14.2 4.5 6.4 
153 1.20 - - 14.0 17,9 
1.00 - 15.0 12.9 8.3 
0.90 13.8 12.3 9.1 5.3 
36 1.20 - . 14.7 12.7 
1.10 - - 14.4 13,2 
0.90 14.8 - 12.0 9,3 
53 0.90 - - 14.2 12,3 
0.65 19.9 - 13.9 13,2 
0.45 15.4 - 11,1 9.4 
82 0.90 14.8 - 12,1 12,7 
0.65 10.8 - 12.8 9.1 
0.45 10.7 - 8.8 4.3 
108 1.00 10.5 - 12.1 8.1 
0.75 - - 7.2 5.5 
0.65 5.4 - 4.1 2.5 
136 1.10 - - 10.7 6.1 
0.80 - - 5.5 5.2 
0.70 4.2 - 2.7 2.5 







































































































































Table 3. Com yields at Ames and Ankeny sites for 1989, 1990 and 1991 
Site WTD,m Yield at 15.5% mc, kg ha ' 
1989 1990 1991 Average 
Ames 0.90 8324 9915 9963 9400 
0.60 6967 8669 8664 8100 
0.30 5474 7681 6688 6614 
Ankeny 1.10 9667 11431 10043 10380 
0.90 12292 7645 10429 10122 
0.60 11316 7614 9854 9595 
0.30 9816 3502 8928 7415 
0.20 9718 2299 8890 6969 
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Figure 2. Layout of the experimental plots at the Ames site 
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Figure 3. A schematic sketch of the dual-pipe subirrigation system 
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Figure 4. Nitrate-N concentration in piezometer water samples 
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Figure 5. Nitrate-N concentration in piezometer water samples 
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Figure 6. Nitrate-N concentration in piezometer water samples 
at the Ankeny site, 1991. 
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At 1.8 m soli depth 




Figure 7. Nitrate-N concentration in piezometer water samples 
at the Ames site, 1989. 
126 
At 1.2 m soil depth 
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Figure 8. Nitrate-N concentration in piezometer water samples 
at the Ames site, 1990. 
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Figure 9. Nitrate-N concentration in piezometer water samples 
at the Ames site, 1991. 
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PART 4: GROUNDWATER RESIDUES OF ATRAZINE AND ALACHLOR UNDER 
WATER TABLE MANAGEMENT PRACTICES 
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ABSTRACT 
Experiments were conducted to study the effects of various water-table 
management (WTM) practices on the concentrations of two surface applied herbicides, 
atrazine and alachlor, in the shallow groundwater system. Groundwater samples were 
collected by installing piezometers and suction tubes at the research farms of Iowa State 
University near Ames and Ankeny, 1989-91. At the Ames site, experiments were 
conducted by maintaining constant water-table depths (WTD) of 0.3, 0.6, and 0.9 m in 
nine field type lysimeters and groundwater samples were collected from various depths 
during com growing seasons. At the Ankeny site, a dual-pipe subirrigation system was 
installed on a 0.5 ha field to maintain variable water-table depths. Analysis of water 
samples collected in 1989 and 1991 clearly indicates that atrazine and alachlor 
concentrations in groundwater could be significantly reduced by maintaining shallow 
WTD during the growing season. It was also observed that atrazine concentrations were 
higher than those of alachlor under similar WTM practices. Alachlor was not detected 
in many samples, however, atrazine was detected in all samples with high concentrations 
at the Ames site with 0.9 m WTD, and at the Ankeny site with WTD deeper than 0.9 
m. Pesticide concentrations in groundwater decreased with increasing soil depth and time. 
Results of this study showed a positive influence of WTM practices in reducing pesticide 
concentrations in groundwater, and therefore, appropriate use of WTM practice is 
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recommended in the Com Belt to improve groundwater quality where shallow water 
tables could be maintained for a significant period of time during the growing season. 
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INTRODUCTION 
Detection of pesticides in groundwater has led to a serious concern about the 
potential water quality problems associated with the increasing use of organic chemicals. 
Pesticide usage in the United States totaled nearly 300 million kilograms in 1982, and 
85 percent of this usage is in the Com Belt (Hallberg, 1986). Widely used herbicides 
such as alachlor, atrazine, metolachlor, and cyanazine have been detected in groundwater 
systems of several states (Holden, 1986; Ritter, 1986). A review in 1984 (Cohen et al.) 
indicated that 12 pesticides have been detected in groundwater in 18 states, and these 
reported cases increased to 17 pesticides found in the groundwater systems in 23 states 
(Cohen et al., 1986). The U.S. Environmental Protection Agency estimated that at least 
19 pesticides have been detected in groundwater in 24 states as a result of agricultural 
practices (EPA, 1987). 
Groundwater aquifers supply approximately one fourth of all freshwater 
requirements in the United States (USGS,1982). It is used for drinking by about half of 
the people in the country and this percentage is over 75.1 in the rural areas (Hallberg, 
1986). Some reports of groundwater contamination are explainable (and perhaps 
predictable) at sites where highly soluble pesticides are applied to very permeable soils. 
A major concern is that low concentrations of less soluble but widely used pesticides are 
being detected in shallow aquifers under a wide range of agricultural and climatic 
conditions (Isensee et al., 1988). Three com production herbicides, alachlor [ 2-chloro-
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2', 6'-diethyl- N -(methoxymethyl) acetanilide], atrazine [ 2-chloro-4-(ethylamino)-6-
(isopropylamino)-S-triazine], and cyanazine [ 2-chloro- 4 -(cyano-l-methylamino)- 6 -
ethylamino-S- triazine], fall into this category and have been detected in groundwater in 
many states because of their wide application (Isensee et al., 1988). Direct downward 
leaching was found to be largely responsible for atrazine residues detected at low levels 
in groundwater in many irrigated com production areas. 
Alachlor has been reported in groundwater samples in Maryland, Iowa, Nebraska, 
and Pennsylvania at levels of 0.1-10 fx,g L"' (Cohen et al., 1986). Alachlor is less 
persistent in soil than atrazine (Isensee et al., 1988). It has also been reported by Isensee 
et al.(1988) that alachlor and atrazine have similar mobilities, and alachlor would leach 
as deeply as atrazine if differences in persistence were not a factor. Ritter (1986) 
reported that atrazine and alachlor together accounted for 25 % of all pesticides sold in 
the U.S. in 1982. Alachlor concentration in groundwater was found to be as high as 16 
ixg L' in Iowa (Kelley et al., 1986). Libra et al. (1986) and Kelley et al. (1986) 
reported that atrazine concentrations of 10 fig L"' were detected in a karst aquifer in 
Iowa. Isensee et al.(1988) found in a study that atrazine concentrations in shallow 
groundwater were 0.2-1.8 ng L"' and those of alachlor were 0.0-0.3 ng L"'. These 
concentrations were lower than the health advisory limits for atrazine (3.0 fig L"') and 
alachlor (0.4 fig L'). In another study, Smith et al. (1988) found that atrazine 
concentration in the soil water at a depth of 0.61 m reached 350 ng L"' after 19 days of 
application. They also reported that atrazine concentration as high as 90 fig L"' was 
133 
observed in the shallow groundwater nearly 16 months after application, whereas, 
alachlor was not detected in the soil below a depth of 0.45 m and most of the alachlor 
had apparently degraded during their experimental period. 
Pionke et al. (1988) observed that atrazine concentrations in groundwater 
corresponded to CI and NO3 concentrations with CI providing the better relationship. The 
higher the CI and NO3 concentrations, the higher was the atrazine concentration; in 
contrast, the highest atrazine concentrations were not associated with the highest NO3 
concentrations. Experiments on pesticide and nutrient movement into subsurface tile 
drainage were conducted by Kladivko et al. (1991) in which they found less than 1% of 
the atrazine, alachlor, and cyanazine applied were lost. They found that the total mass 
of pesticides, nutrients, sediments, and water removed on a per-area basis was greatest 
for the 5 m drain spacing and least for the 20 m drain spacing. Baker et al. (1985) 
observed pesticides at concentrations less than 1 /xg L"' in subsurface drainage water 
entering agricultural drainage wells, but higher levels of up to 80 /ig L"' were detected 
when surface runoff water was also entering the wells. Baker (1980) and Baker and 
Johnson (1976) found that the concentrations of most insecticides and herbicides were 
higher in surface runoff than in subsurface drainage, but chemicals that were not 
adsorbed, such as anionic herbicides, usually had higher concentrations in subsurface 
drainage. 
The behavior and fate of a pesticide is determined by a variety of factors. The 
four major mechanisms that determine the fate of a pesticide are adsorption, degradation. 
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runoff and/or leaching, and volatilization. The rate of these mechanisms and their relative 
importance are influenced by many environmental conditions. Jury (1986a) described the 
factors that influence the transport of chemicals in porous media. The physical and 
chemical properties that effect the fate of pesticides are solubility, vapor pressure, 
toxicity, adsorption rate, and soil reactivity. The second category would include 
environmental conditions such as rainfall, soil properties, temperature, and erosion rate. 
The final category can be called management influences, including the rate of pesticide 
application, method of application, cropping method, irrigation and/or drainage practices, 
and chemical used and its formulation. Some of the soil properties influencing pesticide 
transport are water content, bulk density, permeability, clay content, organic matter 
content, and water retention (Smith et al., 1988). Helling and Gish (1986) presented 
results of a simple modeling exercise to demonstrate the effects of several soil properties 
on pesticide transport. Some of the environmental factors which have been shown to 
influence pesticide transport are precipitation, évapotranspiration, and temperature (Jury, 
1986b). Plant processes affecting pesticide fate are very complex. Donigian and Rao 
(1986) explained that the uptake, translocation, accumulation, and transformation of 
pesticides by plants affect the availability of pesticides for transport processes and the 
potential exposure to pesticide residues by the consumers of the vegetation, fruits, etc. 
Plant processes can serve both as a sink and a source of pesticides residues available for 
transport. 
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Plant cover has been observed to influence pesticide persistence as a result of 
lower soil temperature in the cover soil during summer. Birk and Roadhouse (1964) 
found atrazine to be more persistent in soil planted to com than in fallow soil. This was 
attributed to transpiration of the crop maintaining relatively dry soil and reducing the 
microbiological degradation of the herbicide. On the other hand, Sikka and Davis (1966) 
found that uptake and metabolism by the crop reduced atrazine persistence in soil planted 
to com. Less atrazine concentration was found in the 0 to 0.15 m soil depth of cropped 
plots than in fallow plots at all sampling dates up to 6 months after planting. Soil 
flooding and temporary anaerobiosis may permit reductive degradation of certain 
pesticides and markedly alter their persistence (Hiltbold, 1974). Results of laboratory 
experiments by Castro and Yoshida (1971) and field experiments by Guenzi et al. (1971) 
showed the influence of flooding on biodégradation rather than chemical degradation of 
pesticides. 
Recently, management practices have received much attention as potential 
measures to reduce pollution hazard to groundwater systems. Studies show that water-
table management (WTM) practices that include drainage, controlled drainage, and 
subirrigation could reduce chemical concentration in shallow groundwater and improve 
crop yield (Evans et al., 1989; Kanwar, 1990; Kanwar et al., 1988a). Kalita and 
Kanwar (1989, 1990) reported in a WTM study that NO3-N and atrazine concentrations 
in groundwater could be reduced by maintaining shallow water-table depth. It was 
reported that the corn yield increased with an increase in water-table depth up to 0.7-0.9 
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m and then decreased with any further increase in the water-table depth. Bengtson et al. 
(1989) reported that atrazine and metolachlor losses were reduced by 55% and 51% 
respectively, by subsurface drainage. They concluded that subsurface drainage 
substantially reduced atrazine losses, and over 2/3 of the losses occurred within 30 days 
after herbicide application. They also found that atrazine concentrations were 
substantially greater than the EPA advisory levels for drinking water. Fausey et al. 
(1990) have also investigated metolachlor concentrations in groundwater influenced by 
water-table elevations. Results of these studies have accelerated research interests on the 
use of WTM practices to reduce groundwater quality degradation from agricultural 
chemical use. 
The objective of this study was to investigate the effect of WTM practices on 
groundwater quality and corn yield. The effects of WTM practices on photosynthesis, 
com yield, and NOj-N concentrations in shallow groundwater have been reported earlier 
(Kalita and Kanwar, 1992a, 1992b). The specific objective of this report was to discuss 
the effects of WTM practices on the persistence and movements of two surface applied 
herbicides, atrazine and alachlor, to shallow groundwater during the growing seasons of 
1989 and 1991. 
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METHODS AND MATERIALS 
Site description 
Experiments were conducted during 1989-91 at Iowa State University's research 
centers in Ames and Ankeny, Iowa. The soils at these sites are predominantly Nicollet 
loam in the Clarion-Nicollet-Webster soil association. Some of the physical properties 
of the soils at these two sites are presented by Kalita and Kanwar (1992b). 
At the Ames site, nine field lysimeters of 3 by 6 were installed in 1986. 
Lysimeters were enclosed using a 0.25 mm thick plastic barrier to a depth of 1.2 m to 
prevent lateral subsurface water movement among plots. Corrugated plastic pipe (0.46 
m diameter by 1.35 m deep) was installed as a sump at the comer of each lysimeter. In 
1989, all lysimeters were enclosed with a 0.25 mm thick pvc (poly-vinyl-chloride) 
flexible liner to a depth of 1.7 m. Each liner encased a square area (9 m by 9 m) with 
the 3 by 6 m^ field lysimeter located in the center to prevent lateral movement of 
subsurface water. A float mechanism was installed in each sump to maintain the desired 
water level in the lysimeter. Each lysimeter was connected to a water-supply tank using 
a 75 mm in diameter pvc irrigation pipe. Detailed procedure for lysimeter construction 
is presented by Kalita and Kanwar (1992a) 
At the Ankeny site, a dual-pipe subirrigation system was installed in 1988 on a 
0.5-ha area with significant natural ground slope of 2.5 percent. Shallow irrigation pipes 
were installed at a depth of 0.5 to 0.6 m parallel to and midway between drainage pipes, 
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which were installed at a depth of 1.2 m. The natural ground slope along the length of 
the field allowed water tables to be maintained at various depths by controlling the 
subsurface drainage outflows and by supplying irrigation water through the subirrigation 
pipes. 
Water-table treatments 
At the Ames site, water-table depths (WTD) were maintained at 0.3, 0.6, and 0.9 
m during the growing seasons of 1989 and 1991. Water-table treatments were replicated 
three times using nine field ly si meters. Water-table elevations were raised to the desired 
depths 53 and 50 days after planting (DAP) in 1989 and 1991, respectively. The elapsed 
time from planting to water-table treatment allowed com roots to develop within the 0.9 
m soil profile. Water-table elevations were maintained at treatment depths until harvest 
time. Observation wells (25 mm in diameter and 1.5 m long pvc pipes) were installed 
to monitor water level in the lysimeters. 
At the Ankeny site, water-table depths ranged from 0.03 to 1.25 m during the 
growing season. The average water-table depths at five locations A, B, C, D, and E 
(where monitoring devices were installed in the subirrigation field) were maintained at 
0.2, 0.3, 0.6, 0.9, and 1.1 m, respectively. Water-table depths, however, were 
maintained through subirrigation from 53 to 96 DAP in 1989 and from 45 to 97 DAP in 
1991. 
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Subsurface water sampling 
For collecting shallow groundwater samples, solute suction tubes were made by 
coupling a 2-bar porous ceramic cup at the end of 38 mm in diameter pvc pipes of 
different lengths. Suction tubes were installed at the center of each lysimeter to collect 
water samples from depths of 0.15, 0.3, 0.6, 0.9, 1.2, 1.5, and 2.1 m. Piezometers 
made of 25 mm in diameter pvc pipes were installed in each lysimeter at 1.2, 1.8, and 
2.4 m depths to collect water samples and to monitor piezometric heads. 
At the Ankeny site, solute suction tubes were installed at 0.9, 1.2, 1.5, and 2.1 
m depths at three locations (B, C, and D) with three replications at each location. At 
each location, piezometers were installed at 1.2, 1.8, and 2.4 m depths at locations A, 
C, and E with three replications. 
Water samples were collected from piezometers and solute suction tubes biweekly 
in 1989 and monthly in 1991 from both sites for pesticide analysis. For collecting 
samples from the solute suction tubes, vacuum was created with a vacuum pump in those 
tubes one day before sample collection. Piezometers were also pumped out one day 
before sampling. Water samples were collected on the following day and preserved in 
the cold chamber at 4°C for analysis. Soil-moisture contents by depths were monitored 
weekly in the lysimeter plots using a neutron probe, A calibration curve of 0.81 was 
developed for the neutron probe before the start of water-table treatments by collecting 
a large number of soil samples. Corn 'Pioneer 3379' was planted on 23 May, and 
harvested on 31 October in 1989 at both sites. In 1991, corn was planted on 24 May at 
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the Ames site and 27 May at the Ankeny site, and it was harvested on 10 October at both 
sites. Water samples collected during the growing season of 1990 are not yet analyzed 
for pesticide concentrations, and therefore, 1990 data have not been reported. At both 
the experimental sites, plant population was 66,600 per ha with a row-to-row distance 
of 0.75 m and a seed-to-seed distance of 0.2 m at each site. Urea nitrogen fertilizer was 
broadcasted at planting every year at the rate of 200 kg-N ha"'. Herbicides atrazine and 
alachlor (trade name Lasso) were incorporated in the surface layer at the rate of 2.2 kg 
ha"' in 1989 and 1991 at both sites at the same time of planting. Crop growth parameters 
on plant height and photosynthesis were monitored weekly at the Ames site and biweekly 
at the Ankeny site during the growing seasons. 
Analytical procedures 
Herbicides were extracted from water samples by liquid-liquid extraction using 
dichloromethane. Dichloromethane was evaporated and the herbicide residue redissolved 
in toluene. A very small portion of the toluene extract was injected into a Tracor 560 GC 
with a N-P thermionic detector. Operating conditions were: column oven at 160°C, inlet 
at 245°C, detector at 245°C, Helium carrier gas at the rate of 18 cm' min"', Hydrogen 
reaction gas at the rate of 3.5 cm^ min"', and air reaction gas at the rate of 100 cm^ min" 
'. Herbicides were separated using a 3% OV-1 column. In 1991, some of the samples 
were sent to the Iowa Hygenic Laboratory in Iowa City for herbicide analyses. 
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RESULTS AND DISCUSSION 
Daily precipitation patterns for the Ames and Ankeny sites during the growing 
seasons of 1989 and 1991 are shown in Figure 1. These varied widely. But the seasonal 
total (May to October) for 1989 and 1991 at both sites were similar (456-535 mm). 
Groundwater atrazine concentrations at the Ankeny site 
Atrazine concentrations in groundwater samples taken from the piezometers at the 
Ankeny site during 1989 growing season are shown in Figure 2. Water table depths at 
three locations where piezometers were installed fluctuated from 1.6 to 1.0, 1.1 to 0.35, 
and 0.8 to 0.12 m, respectively, during the growing season of 1989 and are referred to 
as deep, medium, and shallow water table depths. Atrazine concentrations in groundwater 
for these water table depths varied from 0 to 67 /xg L"'. The highest concentration of 
atrazine was observed at 1.2 m depth 34 DAP and herbicide application (the subirrigation 
practice was started 53 DAP). With subirrigation practice, atrazine concentrations in 
groundwater decreased significantly at the Ankeny site. For most of the groundwater 
samples taken in 1989, atrazine concentration decreased with the increase in soil depth 
for the shallow water-table treatment with a few exceptions. The fluctuations in water 
table did cause some irregularities in this trend. Atrazine concentrations in groundwater 
also decreased with time after the planting date. Groundwater samples collected at the 
end of the growing season showed that under shallow water-table conditions, atrazine 
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concentration at 1.2 m soil depth was only 0.34 L % and no atrazine was detected at 
1.8 and 2.4 m soil depths. 
Atrazine concentrations in piezometer water samples for 1991 are shown in Figure 
3. In 1991, water samples that were collected 53 and 82 DAP were immediately analyzed 
for pesticide concentrations. Samples collected on other dates are not yet analyzed and 
results could not be presented in this report. However, results of the pesticide analysis 
for 1991 samples showed a definite influence of WTM practices on pesticide 
concentrations in groundwater. Data for 1991 also indicate that atrazine concentrations 
were lower under shallow than deep water-table conditions, and these concentrations 
decreased with increased soil depth. In 1991, shallow, medium, and deep water table 
depths were maintained at 0.3, 0.65 and 1.1 m,, and were almost constant during 
subirrigation period. This might be the reason for a distinct decreasing trend of atrazine 
concentrations with shallow WTD in 1991 than in 1989. 
Atrazine concentrations in groundwater samples collected from the suction tubes 
at the Ankeny sites in 1989 and 1991 are shown in Table 1. In 1989, the highest atrazine 
concentration of 23 /xg L ' was observed at 2.1 m depth before subirrigation was started. 
Table 1 shows that shallow WTD significantly reduced atrazine concentration at 0.9, 1.2, 
1.5, and 2.1 m soil depths in 1989. The fluctuation of water-table during the growing 
season at each location caused some irregularities. At the end of the growing season in 
1989, atrazine concentrations in groundwater decreased to 2.1, 0.9, 0.4 and 1.3 ^g L ' 
at 0.9, 1.2. 1.5, and 2.1 m soil depths, respectively, where water table was maintained 
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at shallow depth. Water samples from suction tube also showed higher atrazine 
concentration at 2.1 m depth than at 1.5 m depth towards the end of the growing season 
when subirrigation was cut off. 
In 1991, water samples were collected from 0.9, 1.5, and 2.1 m soil depths. 
Atrazine concentrations decreased with increased depth 82 DAP. It was observed that 
atrazine concentrations in groundwater was significantly lower with shallow than with 
deep WTD at all soil depths. Piezometer and suction tube water samples gave similar 
results. 
Groundwater atrazine concentrations at the Ames site 
Atrazine concentrations in piezometer water samples at the Ames site in 1989 are 
shown in Figure 4. Water-table depths of 0.3,0.6, and 0.9 m were constantly maintained 
during the growing season at the Ames site. Figure 4 shows that atrazine concentrations 
in groundwater at 1.2 m soil depth decreased with time, and the lowest concentrations 
were observed with 0.3 m WTD. At 1.2 m depth, atrazine concentration in groundwater 
decreased from 3.3 to 1.25, 2.2 to 0.5, and 1.6 to 0.58 ix% L"' under 0.9, 0.6, and 0.3 
m WTD, respectively, during the growing season. Atrazine concentrations at 1.8 m soil 
depth also showed on the average an increasing trend with increased WTD. But, at 2.4 
m depth, the highest atrazine concentration in groundwater was observed in lysimeter 
plots where water-table was maintained at 0.3 m depth (Fig. 4). This trend might be due 
to the presence an impermeable layer at that depth for these plots. If an impermeable 
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layer exists at 240 cm depth, there would be a gradual increase in pesticide mass 
accumulating from the infiltrated water coming from the top soil layers. It was also 
observed that under 0.3 m WTD, atrazine concentrations at 2.4 m depth decreased from 
8.0 to 1.4 /xg L*' on 90 DAP and then increased to 9.0 /xg L"' at the end of the growing 
s e a s o n .  A t r a z i n e  c o n c e n t r a t i o n s  a t  2 . 4  d e p t h ,  h o w e v e r ,  r e m a i n e d  l o w  ( 1 . 2  t o  0 . 8  j x g  L ' )  
under 0.9 and 0.6 m WTD and the lowest concentrations were observed with WTD of 
0.6 m. At the Ames site in 1989, planting and herbicide application was followed by a 
heavy rain of 58 mm in 48 hours, which probably caused a large amount of applied 
atrazine to leach down to lower depths through macropores. Although atrazine was 
degraded at lower depth (at 2.4 m), residual atrazine was probably added at this depth 
by macropore flow after the peak growing season, and therefore, a higher concentration 
of atrazine was observed at the end of the growing season. 
Atrazine concentrations in piezometer water samples in 1991 also showed a 
distinct trend of decreasing concentration with shallow WTD (Figure 5). Water samples 
that were collected a few days after the start of water-table treatments (56 DAD), showed 
atrazine concentrations of 21, 13 and 12 /xg L ' at 1.2, 1.8, and 2.4 m depth respectively 
under 0.9 m WTD. Under 0.3 m WTD, these concentrations were 11 /ug L"' at 1.2 m 
depth, and only 5.0 /xg L"' at 1.8 and 2.4 m depths. Water samples that were collected 
on 82 DAP also showed that atrazine concentrations in groundwater were reduced by 
maintaining shallow WTD. 
Concentrations of atrazine in suction tube water sample in 1989 and 1991 are also 
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shown in Table 1. Water samples were collected from as shallow as 0.3 m depth from 
the lysimeters where water-table was maintained at 0.3 m depth. However, concentration 
of atrazine at the depth of water-table was lower than those at depths immediately below 
the water-table. Under 0.3 m WTD, samples that were collected in 1989 from 0,3 m soil 
depth showed an atrazine concentration of only 5.3 fig L'\ and it was about 19 //g 
at 0.6 m depth on 63 DAP. But, samples from deeper depths of 0.9 to 2.1 m always 
showed a decreasing trend of atrazine concentration with increased depth. Similar results 
were observed from samples collected on 91 DAP in 1989. Another noticeable 
observation in 1989 data was that, at depths between 0.3 and 0.6 m, atrazine 
concentrations in groundwater were higher with 0.3 than with 0.6 m WTD. But at deeper 
depths, concentrations of atrazine in groundwater were significantly lower under 0.3 m 
than under 0.6 and 0.9 m WTD. 
Data for 1991 show very high atrazine concentrations in groundwater on 56 and 
82 DAP. An atrazine concentration of 100 /xg L"' was observed at 0.6 m depth under 0.6 
m WTD on 56 DAP. Atrazine concentrations decreased with increased depth, and these 
values were very low at 2.1 m depth. These data showed that WTM practice had a 
significant effect in reducing atrazine concentrations in groundwater. At 0.9 m soil depth, 
atrazine concentrations under 0.9 m WTD were 83 and 85 fxg L"' on 56 and 82 DAP, 
respectively, whereas, these concentrations were only 18 and 10 jxg L"' on 56 and 82 
DAP under 0.3 m WTD. At soil depths of 1.5 and 2.1 m, similar effects of WTD on 
groundwater atrazine concentrations were observed. These results showed a positive 
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influence of WTM in reducing atrazine concentrations in groundwater. At the Ames site, 
however, atrazine concentrations in suction tube water samples were higher than those 
in piezometer water samples. 
Groundwater alachlor concentrations at the Ames and Ankeny sites 
Concentrations of alachlor in piezometer and suction tube water samples from 
both Ames and Ankeny sites 1989-91 are shown in Table 2. Alachlor was not detected 
in many samples collected on different dates in 1989. Table 2 shows only the dates when 
alachlor was detected in groundwater samples in 1989 and 1991. In 1989, alachlor was 
detected in piezometer water samples only once at the Ankeny site, but never at the 
Ames site. In suction tube water samples, alachlor was detected at shallow depths at both 
Ankeny and Ames sites. Alachlor is less persistent in soil than atrazine. Nash (1988) 
reported that under normal agricultural use condition, 90% of alachlor was lost within 
30 to 100 days of incorporating in the soil. Wu and Fox (1981) reported that the time for 
90% loss from the upper 30 cm zone was 298 days for atrazine, and only 45 days for 
alachlor. This study shows that alachlor was detected after 77 days of its application with 
a concentration ofl.lpg L ' at 2.1 m soil depth at the Ames site in 1989. But in 1991, 
alachlor was detected at all depths in samples collected on 52, 56, and 82 DAP from 
both experimental sites. Alachlor concentrations were higher in 1991 than in 1989. A 
shallow WTD significantly reduced alachlor concentrations at all depths. Groundwater 
samples from the Ames site showed alachlor concentrations of as high as 25 and 15 ixg 
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L"' on 56 and 82 DAP, respectively, under 0.9 m WTD. But these concentrations were 
reduced to 4.7 and 0.7 fig L"' by maintaining WTD at 0.3 m at the Ames lysimeter plots. 
Another reason for detection of alachlor at higher concentrations in groundwater 
samples in 1991 was probably due to the analysis of the samples immediately after 
collection. The 1989 sample analysis was delayed by several months. Therefore, it is 
suggested that the samples be analyzed immediately after collection for unbiased results. 
Recently, Aijoon et al. (1991) reported that metolachlor was found to adsorb to nalgene 
bottles. In this study, water samples were collected in glass bottles because of the reason 
that alachlor might also adsorb to nalgene bottles. 
Table 3 presents the results of a statistical analysis to show the correlation 
between groundwater atrazine concentrations and DAP, WTD, soil depth, and their 
interactions. Only the Ames site data were analyzed for this purpose (because, water -
table depths were consistently maintained at treatment depths at this site in 1989 and 
1991). The correlation coefficients provide a numerical measure of the strength of the 
relationship or association between the variables, and is not a good measure of anything 
but linear correlation. Table 3 shows that WTD is positively correlated (R=0.43) with 
atrazine concentrations in groundwater, and that the probability of atrazine concentrations 
(P-level) being not linearly correlated with WTD is 0.0094. It shows that the relationship 
between WTD and atrazine concentrations was very significant. Atrazine concentrations 
were also negatively correlated to DAP and soil depth with very high level of 
significance. Therefore, the fact that atrazine concentrations in groundwater decreased 
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with soil depth and time is statistically significant. The interactions of the variables also 
showed the existence of their relationships with atrazine concentrations in groundwater. 
Interrelationships of atrazine, alachlor, and NO3-N in groundwater 
Tables 1 and 2 and Figures 2 to 5 show that atrazine and alachlor concentrations 
in groundwater were interrelated. The highest concentrations of atrazine and alachlor 
were observed at similar depths and water-table conditions. Both atrazine and alachlor 
concentrations were significantly reduced in groundwater by maintaining shallow WTD. 
To show the interrelationship of atrazine, alachlor, and NO3-N concentrations in 
groundwater. Figure 6 (Kalita and Kanwar, 1992b) is presented. Figure 6 shows NO3-N 
concentrations at the Ames site in 1991. It was observed that higher NO3-N 
concentrations were associated with higher atrazine concentration under deep WTD. 
Similarly, the lowest atrazine concentrations were associated with the lowest NO3-N 
concentrations under shallow WTD. Cohen et al. (1984) and Pionke et al. (1988) found 
similar relationships between atrazine and NO3-N concentration. Therefore, high NO3-N 
concentrations in groundwater could be used to predict high pesticide concentrations 
under similar WTM practices. It also indicates that WTM practice could be effectively 
used to reduce NO3-N and pesticide concentrations in shallow groundwater. 
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CONCLUSIONS 
Two pesticides, atrazine and alachlor were analyzed in groundwater samples as 
a function of WTM practice during com growing seasons of 1989 and 1991. The results 
of this study can be summarized as follows: 
1. Atrazine was detected in all groundwater samples collected between planting 
and harvesting time at both Ames and Ankeny sites. Alachlor was not detected in many 
samples, and alachlor concentrations were lower than those of atrazine concentrations in 
groundwater at similar depths and WTM practices. 
2. Both atrazine and alachlor concentrations in groundwater were significantly 
affected by WTM practices. At the Ankeny site, pesticide concentrations were lowest 
under shallow water-table conditions. Atrazine concentrations were reduced from 67 to 
0 fxg L ' by maintaining shallow WTD during the growing season. At the Ames site, 
pesticide concentrations in groundwater were significantly reduced with 0.3 m WTD. 
Similar results were observed for alachlor concentrations. 
3. At the Ankeny site, atrazine concentrations in suction tube and piezometer 
water samples were similar in 1989 and 1991. But at the Ames site, atrazine 
concentrations in suction tube water samples were higher than those in piezometer water 
samples. 
4. Statistical analysis showed that the relationships between atrazine concentrations 
in groundwater and WTD, DAP, and soil depth were highly significant. 
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5. When compared to NO3-N concentrations under similar WTM practices, 
atrazine and alachlor concentrations followed similar trends. High NO3-N concentrations 
were corresponded to high pesticide concentrations and vice-versa. By maintaining 
shallow water-table depth at both sites, NO3-N, atrazine, and alachlor concentrations in 
groundwater could be significantly reduced. Therefore, appropriate use of WTM 
practices are highly recommended to reduce groundwater quality degradation from 
agricultural chemical use. 
Table 1. Atrazine concentrations in suction tube water samples from Ankeny and Ames sites 
Ankeny site Ames site 
Year DAP WTD, m Atrazine , /ig/l DAP WTD,m Atrazine, jig/l 
1991 
0.9m 1.2m 1.5m 2.1m 
34 1.45 4.4 8.4 23.1 49 1.5 
1.10 20.6 9.0 7.6 1.5 
1.00 22.2 8.6 7.4 7.2 1.5 
70 0.90 13.7 63 0.9 
0.50 2.2 0.6 
0.35 4.2 1.6 4.3 0.3 
84 0.80 12.9 8.8 6.7 7.8 77 0.9 
0.35 0.2 9.1 1.0 0.9 0.6 
0.20 0.8 1.8 1.8 1.2 0.3 
98 1.00 0.7 3.7 91 0.9 
0.65 13.6 7.3 0.6 0.3 0.6 
0.50 3.8 2.4 1.0 1.7 0.3 
116 1.10 8.4 2.3 2.6 3.4 105 0.9 
0.75 6.1 4.4 0.3 3.4 0.6 
0.60 6.8 0.4 0.3 0.4 0.3 
143 1.10 0.5 5.9 1.3 5.0 134 0.9 
0.75 2.2 4.8 1.0 0.4 0.6 
0.70 2.6 0.8 0.6 0.8 0.3 
172 1.15 0.4 0.8 162 0.9 
0.90 1.2 1.2 0.2 0.2 0.6 
0.80 2.1 0.9 0.4 1.3 0.3 
53 0.90 4.6 0.6 56 0.9 
0.65 1.7 1.3 0.4 0.6 
0.45 1.9 0.7 0.3 0.3 
82 0.90 8.9 4.8 0.5 82 0.9 
0.65 3.8 1.1 0.3 0.6 
0.45 3.0 0.6 0.3 0.3 
0.3m 0.6m 0.9m 1.2m 1.5m 2.1m 
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DAP - days after planting; WTO - water-table depth 
Table 2. Alachlor concentrations in groundwater at Ames and Ankeny sites, 1989 and 1991 
Piezometer water sample Suction tube water samples 
Year DAP UTD, m Alachlor, M/l Year DAP U TD.m Alachlor. M/l 
1.2m 1.8m 2.4m 0.3m 0.6m 0.9m 1.2m 1.5m 2.1m 
Ankeny site Ankeny site 
1989 84 0.80 0.7 0.6 0.3 1989 34 1.45 27.5 8.7 1.0 
0,35 0.4 0.3 0.0 1.10 1.3 0.0 0.0 
0.20 0.3 0.1 0.3 1.00 2.4 0.0 0.0 0.0 
70 0.90 0.0 
1991 53 0.90 0.3 2.1 2.4 0.50 0.0 
0.65 0.3 0.3 0.2 0.35 6.2 0.0 0.0 
0.45 0.2 0.7 0.2 98 1.00 5.0 0.0 
82 0.90 1.1 5.3 0.65 0.0 0.0 0.0 0.0 
0.65 0.4 0.5 0.4 0.50 0.0 0.0 0.0 0.0 
0.45 0.7 0.2 0.1 
Ames site 1991 53 0.90 1.0 0.2 
0.65 0.2 0.0 0.0 
1991 56 0.90 4.9 6.2 4.1 0.45 0.0 0.0 0.0 
0.60 3.7 3.2 3.4 82 0.90 0.1 0.7 0.0 
0.30 2.8 1.8 1.8 0.65 0.4 0.0 0.0 
82 0.90 2.7 2.2 2.4 0.45 0.0 0.0 0.0 
0.60 2.2 1.9 1.9 Ames site 
0.30 1.0 1.1 0.7 
1989 77 0.90 0.0 0.0 1.1 
0.60 0.6 0.1 0.6 0.3 
0.30 1.3 0.2 0.2 0.2 0.1 
105 0.90 0.0 0.0 0.0 0.0 
0.60 0.0 0.0 0.3 0.5 0.0 
0.30 0.0 0.0 0.0 0.3 0,3 
134 0.90 0.0 0.0 0.0 
0.60 0.0 0.0 0.0 0.0 
0.30 0.0 0.0 2.8 0.0 0.0 
1991 56 0.90 12.0 25.0 3,8 
0.60 7.4 4.9 5.8 1,8 
0.30 3.1 5.7 2.7 4.7 0,6 
82 0.90 3.0 15.0 5,3 
0.60 4.0 2.4 2.9 1.1 
0.30 1.9 0-8 0.7 0.7 0.3 
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Table 3. Correlation between Atrazine concentrations in groundwater and days after 
planting, water-table depth, and soil depth for the Ames site, 1989 and 1991. 
Variables R" P-leveP 
Days after planting, X, -0.234 0.0069 
Water-table depth, Xj 0.427 0.0094 
Soil depth, Xj -0.561 0.0004 
Xr Xz 0.331 0.0487 
X, *X3 -0.515 0.0013 
X z ^ X ,  -0.202 0.0203 
"R = Pearson correlation coefficient between Atrazine concentration and variables 
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Figure 1. Rainfall during the growing seasons of 1989 and 1991 at 
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Figure 2. Atrazine concentrations in piezometer water samples at Ankeny 




Depth below soil surface, m 
Figure 3. Atrazine concentrations in piezometer 
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Figure 4. Atrazine concentrations in piezometer 
water samples at Ames site in 1989. 
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Depth below soil surface, m 
Figure 5. Atrazine concentrations in piezometer 
water samples at Ames site in 1991. 
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Days after planting 
Figure 6. Nitrate-N concentrations in piezometer 
water samples at Ames site in 1991. 
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PART 5: SIMULATION OF PESTICIDE CONCENTRATIONS IN GROUNDWATER 
USING THE ADAPT MODEL 
159 
ABSTRACT 
A subsurface water quality model ADAPT (Agricultural Drainage And Pesticide 
Transport) was tested for various water table management practices for the field data 
collected from a lysimeter study near Ames, Iowa. This model was used to simulate the 
transport of two surface applied herbicides, atrazine and alachlor to groundwater under 
three water-table management systems (maintenance of water tables at 30, 60, and 90 cm 
depths during the com growing seasons of 1989 to 1991). Predicted values of atrazine 
and alachlor concentrations in groundwater at various depths decreased when shallow 
water-table depths were maintained in the lysimeters. Similar observations were made 
with the observed data. Observed and predicted values of herbicide concentrations were 
also compared. Good agreement was obtained between the observed (only a few observed 
values were avilable for comparison purposes) and predicted values. Some discrepancies 
between the observed and predicted values were also observed. The model needs 
verification of results with more observed data before wider application of this model can 
be made for water-table management practices. As soon as chemical analyses for all 
water samples collected are done, ADAPT model will be verified for its further 
application for Midwest soils. 
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INTRODUCTION 
Prediction of the fate of agricultural chemicals introduced into the environment 
is necessary to minimize their adverse effects from the point of application. A variety of 
interacting physical, chemical, and biological processes determine how far a pesticide 
will move in soil, how long it will persist in the environment, and at what concentration 
it will appear in water resources system. Each process, however, is often studied 
separately. Predicting the integrated effect of simultaneous environmental processes upon 
a chemical applied to soil is an attractive way of considering such problems as: which 
chemicals should be used for particular combinations of soil, climate, and crop; rates of 
application that may result in a potential hazard to the environment; and identifying 
chemicals that should not be introduced into the environment. 
Substantial advances have been made during the past decade in using computer 
techniques in the prediction of agricultural chemicals in the environment. Conceptual 
models of the soil-crop-pesticide-water system constructed from mathematical 
representation of the various processes involved are currently being used or considered 
for use by the Environmental Protection Agency (EPA) and several state regulatory units 
(Wagenet and Hutson, 1986). These models help to estimate the time required for natural 
processes to remove chemicals already in the soil and groundwater. A second use of the 
models is in predicting the movement and persistence in soil of chemicals currently being 
developed. A third major use of models that predict the fate of agricultural chemicals is 
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to assist farmers in designing effective crop, soil, and chemical management strategies. 
The short term economic benefit is greatest when a maximum yield response can be 
obtained from the application of minimum amount of chemicals required for pest control 
and plant growth (Wagenet and Hutson, 1986). Models can aid in evaluating alternative 
rates and timing of chemical application, the use of alternative chemicals with different 
properties, and the optimum management practices for soil, water, and chemicals. 
Available prediction models are either porous media oriented and lack the 
orientation of best management practice (BMP) impacts, or they are solely BMP 
evaluation models and lack the chemical transport component in the soil (Shirmohammadi 
et al., 1989). Models reflecting the first category have been developed for environmental 
screening of pesticides through soil profile (Lindstrom et al, 1968; Davidson and 
McDougal, 1973; Notziger and Hornsby, 1984; Wagenet and Hutson, 1986; Enfield et 
al., 1982). Models in the second category can be classified under two groups. The first 
group of models that is used to describe the impacts of BMP on surface water quality. 
Examples of these models are ANSWERS (Beasley et al., 1977), CREAMS (Knisel, 
1980), and HSPF (Donigian et al., 1983). The second group of models is process 
oriented and describe the impact of management practices on both surface and 
groundwater quality. Examples of such models are PRZM (Carsel et al., 1985) and 
GLEAMS (Leonard et al., 1987). 
PRZM (Pesticide Root Zone Model) is a continuous simulation model that 
examines the movement of pesticide within and below the root zone in a one dimensional 
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scheme. This model lacks the sensitivity to surface runoff and erosion (Leonard et al., 
1987) and considers only vertical movement of pesticides and water through the soil 
profile. 
GLEAMS (Groundwater Loading Effects of Agricultural Management System) 
is a modified version of well validated CREAMS model. It is a continuous simulation 
model that provides a more detailed prediction of water and pesticide movement within 
and through the root zone. Unlike PRZM, GLEAMS has maintained a surface sensitivity 
to runoff and erosion by designing a 1-cm surface sensitive layer at the top of the soil 
profile. This model, however, predicts the percolation of water and pesticide below the 
root zone and does not follow the fate of percolation component (Shirmohammadi et al., 
1989). In an evaluation of GLEAMS model for the Atlantic Coastal Plain soils, 
Shirmohammadi et al., (1987) found that predicted pesticide concentrations were 3 to 7 
time greater than those detected in shallow groundwater. Leonard et al. (1988) also used 
GLEAMS model to predict pesticide loadings to the shallow groundwater systems. They 
concluded that the processes of adsorption and degradation during transport from the 
bottom of the root zone to groundwater are significant, particularly for moderately 
adsorbed pesticides such as atrazine, butylate, and fenamiphos. 
GLEAMS model, however, does not incorporate subsurface drainage and 
subirrigation, and therefore, the use of the model for water-table management systems 
is limited. Water-table management that includes drainage, controlled drainage and 
subirrigation helps in maintaining agricultural productivity and profitability, and has the 
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potential to improve groundwater quality. Therefore, a simulation model to deal with 
water-table management practices has been of great concern. 
A model has recently been developed at Ohio State University to incorporate the 
effects of water-table management practices on water quality. ADAPT (Agricultural 
Drainage And Pesticide Transport) model was developed by Alexander (1988) and is the 
only simulation model at present which provides a comprehensive model to simulate the 
quantity and quality of flows associated with water-table management systems. Part of 
the GLEAMS and DRAINMOD (Skaggs, 1978) models were combined with algorithms 
to account for snow melt, deep seepage, and macropore flow in the ADAPT model. 
GLEAMS is a water quality model without subsurface and subirrigation components, 
while DRAINMOD is a widely used water-table management model with subsurface 
drainage and subirrigation, but without a water quality component. Therefore, integrating 
these two models into one model, ADAPT forms the basis of a comprehensive simulation 
model able to handle a variety of water table management systems (Chung et al., 1991a). 
The ADAPT model was improved by both Ward et al., (1988) and Schalk (1990). 
However, at the end of their developmental process, a small water balance error existed 
in the model and further improvements were necessary. Chung et al. (1991a, 1991b) 
recently modified the hydrologie and pesticide components of the model to predict 
satisfactory results. They compared model predicted results with observed values from 
two water-table management experiments and concluded that the results were satisfactory. 
The objective of this chapter is to evaluate the use of ADAPT model to simulate the 
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transport of atrazine and alachlor to shallow groundwater systems under three water-table 
management practices and test its applicability for Iowa conditions by comparing its 
performance with the observed data collected from the Ames site from 1989 to 1991. 
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MODEL DESCRIPTION 
The ADAPT model has three components; hydrology, erosion, and pesticide 
transport. It is an extension of GLEAMS daily simulation model with a capability to 
account for subsurface drainage and subirrigation from DRAINMOD. A comparison of 
modeling techniques for several items in GLEAMS, DRAINMOD, and ADAPT is 
presented in Table 1. The hydrology and pesticide components of the model are 
described below. 
Hydrology component of the ADAPT model 
The flowchart of the hydrology submodel is shown in Figure 1. It includes 
snowmelt, runoff, macropore flow, évapotranspiration, infiltration, subsurface drainage, 
subirrigation, and deep seepage. When the wetting front reaches the water table, the 
water table rises as pore spaces are filled. On the other hand, the water table falls as the 
drainage or deep seepage takes water from saturation to field capacity. The conceptual 
procedure in Figure 1 is repeated every day. 
ADAPT model incorporates the effect of snowmelt occurred by radiation, rainfall, 
conduction, convection, and condensation. Surface runoff is assumed to occur only if 
there is sufficient rainfall to fill the depression storage on the soil surface. The surface 
runoff depths are predicted using the SCS curve number method. Macropore fiow is due 
to the surface cracks, wormholes, and root channels. In the ADAPT model, soil surface 
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cracks due to dry soil condition are considered in the form of a runoff adjustment factor 
following Pathak (1989): 
S, = a E Ei (1) 
where is the runoff adjustment volume (mm), a is a coefficient accounting for clay 
content, n in number of consecutive dry days, and E is the daily evaporation demand 
(mm). Sr is subtracted from the runoff volume and moves directly to the water table. 
Potential ET can be calculated by either Ritchie method or Durenbos-Pruitt method. 
After determining the PET, evaporation and transpiration are computed separately as a 
function of leaf area index (LAI). 
The volume of water available for infiltration is rainfall and surface ponding 
minus runoff and macropore flow. The assumption is made that the wetting front 
advances to the next layer when soil moisture content in a layer is at field capacity. 
When the wetting front reaches the water table, any additional infiltration will raise the 
water table height as pore spaces are filled from field capacity to saturation. If the total 
volume of available water does not infiltrate within 24 hours, the remainder carries over 
to the following day as surface ponding which is subject to evaporation and infiltration. 
Subsurface drainage-. To calculate the drainage flow rate, either Kirkham's or 
Hooghoudt's equation is used depending on water table condition. When the water table 
is at the surface, Kirkham's equation is used: 
167 
q = 4 IT Kç (t + b- O / (G X L) (2) 
where q is the flow rate (m/s), K, is the equivalent lateral hydraulic conductivity (m/s), 
t is the depth of water on soil surface (m), b is the depth to the drain (m), r, is the 
effective radius of the drain tube (m), G is a factor depending on system geometry, and 
L is the drain spacing (m). When the water table is below the soil surface, Hooghoudt's 
steady state equation is used: 
where m is the midpoint water table height above the drains (m) and d, is the equivalent 
depth from drain to the impermeable layer (m) which is corrected for the convergence 
near the drains. 
Subirrigation: For subirrigation, water level in the drain is raised by outlet control 
structures to maintain a pressure head of ho at the drain. The flow equation for the 
subirrigation mode is given by: 
q = 4 K, m (2 d, 4- m) / U (3) 
q = 4 Kg m {2 ho + m (ho / h)} /1} (4) 
where ho is the sum of d, and water level above the drain (m) and h is the sum of the 
actual depth from drain to impermeable layer and water level above the drain (m). 
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Deep seepage through the impermeable layer can be calculated using Darcy's 
equation. 
Pesticide component of the ADAPT model 
Parameter values from the hydrology and erosion components are carried over to 
the pesticide component of the ADAPT model. Each day pesticide partitioning and 
degradation are calculated. Pesticides move upward in the flow region by evaporation, 
and moves downward by macropore flow and infiltration. The flowchart of daily 
pesticide computation is shown in Figure 2. 
It is assumed that the pesticide concentrations of solid and liquid phases in the soil 
profile are under equilibrium condition during the simulation period. The distribution 
coefficient between the solution phase and the soil phase is defined as a constant for a 
linear adsorption isotherm (Knisel, 1980) 
where Kj is the distribution coefficient in mg/kg, Q is the concentration in the soil phase 
(mg/kg), and is the concentration in liquid (mg L '). The Kj values can be determined 
from the following relationship: 
(5) 
Kj = Ko, OC / 100 (6) 
where is the adsorption constant based on soil carbon (Leonard et al., 1990) and OC 
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is the organic carbon content in the soil (%). 
Decomposition includes biodégradation and hydrolysis of a pesticide. The 
decomposition of pesticide in the soil and on the plant leaf is assumed to follow first 
order kinetics. The pesticide concentration in the soil or on the leaf, t days after 
application of pesticide can be expressed as (Knisel, 1980): 
C, = Co exp(-0.693 t /1,/;) (7) 
where Ct is the pesticide concentration t days after application (mg/kg), Cq is 
concentration on the day of pesticide application (mg/kg), and t,/2 is the half life or the 
half concentration time (days). 
During infiltration, pesticide is modeled as moving downward in sequence from 
one layer to the next. In each soil layer, pesticide is added by infiltrating water from 
above, it equilibrates between solid and liquid phases, and then the liquid moves down 
to the next layer. This process is repeated until no further downward movement of water 
exists. The pesticide concentration in the down flowing water in a layer is calculated by: 
= PMASS / (Kd X SOILMS + WATVOL) (8) 
where C„ is the pesticide concentration in the solution (mg/1), PMASS is the total 
pesticide mass (g), is the distribution coefficient, SOILMS is the mass of soil (kg), 
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and WATVOL is the volume of water (1), all in a soil layer. 
Evaporation water transports pesticide in solution upward in the soil profile. 
Plants uptake the pesticide in solution by transpiration in each layer depending on the 
root distribution in the profile. During subirrigation, it is assumed that pesticide moves 
upward with the subirrigation water from the bottom of the layer to the water table layer. 
During the movement in each layer, the equilibrium of pesticide concentration in the 
solid and liquid phases is assumed. 
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MODEL INPUTS 
Input data for weather, soil, crop, subirrigation/drainage system, and pesticide 
parameters are required to use the ADAPT model. Weather data include daily rainfall, 
air temperature, solar radiation, relative humidity, and wind speed. Soil data required are 
texture, thickness of horizons, organic matter content, soil moisture characteristics, and 
hydraulic conductivity. Crop data such as effective rooting depth and leaf area index as 
a function of growth stage are required. 
Subirrigation/drainage system input parameters include drain depth, spacing, 
diameter, outlet weir height, and depth to the impermeable layer. Pesticide input 
parameters include pesticide application date, amount, method, pesticide water solubility, 
soil half life, and the partitioning coefficient for each pesticide used. 
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DISCUSSION OF SIMULATED RESULTS 
ADAPT model was used to simulate pesticide concentrations in groundwater 
under three different water table depths (30, 60, and 90 cm) for the Ames site for 1989 
and 1991. Values of major input parameters for this site are shown in Table 2. Results 
of the monthly average of ET, subsurface drainage, deep seepage, subirrigation, and soil 
water volume in the soil profile for all three years under 90, 60, and 30 cm water table 
depths at the Ames site are presented in Table 3. 
Initial conditions of the soil water content and the water table depth were assumed 
since no observations were made before the start of the experiment. Soil moisture 
characteristics data were available from this site for use. A curve number of 82 for the 
antecedent moisture condition II was selected on the basis of soil type and land use. Since 
no observations were made on LAI, data were taken from Knisel (1980). 
Data given in Table 3 provide general description of how water was partitioning 
among the hydrologie components. An average annual rainfall of 872 mm produced 267 
mm subsurface drainage, 167 mm vertical deep seepage, and nearly 602 mm of 
évapotranspiration when water-table was maintained at 90 cm depth during the growing 
season. The amount of predicted subirrigation water needed for maintaining water-table 
at 90 cm depth was 116 mm. The water balance could be checked from these numbers 
and the difference between soil water volume at the beginning and at the end of the each 
year. The annual water balance error was nearly zero except round off errors. The sum 
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of rainfall and subirrigation water was equal to drainage, deep seepage, ET, and the 
increase in soil moisture volume in the soil profile. Similar predictions were made in the 
simulated results with 60 and 30 cm water-table depths. Evapotranspiration and vertical 
deep seepage remained unchanged for all three water-table depths. But drainage volume 
and average soil water volume increased with shallow water-table depths. The amount 
of subirrigation water needed to maintain water-table depth at 60 and 30 cm depth also 
increased. The predicted values of subirrigation water were 174 and 236 mm for water-
table depths of 60 and 30 cm, respectively. During the field experiments, amount of 
subirrigation water in each treatment was recorded by flow meters. The observed values 
for subirrigation water were 158, 256, and 499 mm for 90, 60, and 30 cm water-table 
depth, respectively. The increase in the observed values were attributed for the period 
of raising water tables to the treatment depths. 
The pesticide parameters used in the model are shown in Table 4. Pesticide 
concentrations in groundwater at different depths are shown in Figures 3 to 27. The 
model has the capability to predict pesticide concentrations in the soil. But in the field 
experiment, soil pesticide concentrations at different times of the year were not observed 
due to very high analytical cost, and therefore, model predicted results of soil pesticide 
concentrations were not discussed here. 
Figures 3 to 7 show predicted values of atrazine concentrations in groundwater 
for water-table depth of 90 cm. In the field experiment, adequate water sample could not 
be collected from 30 and 60 cm soil depths (unsaturated zone) when water table was 
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maintained at 90 cm depth. Therefore, observed values for atrazine concentrations could 
not be compared with predicted values at 30 and 60 cm soil depths. The year 1990 was 
very wet, and in most cases, higher pesticide concentrations in groundwater were 
predicted for that year. But the observed pesticide concentration data for that year is not 
yet available for comparison as chemical analyses are not yet complete. Figures 5, 6, and 
7 show predicted values of atrazine concentrations in groundwater at 90, 120, and 240 
cm soil depths, respectively, with few observed values that are available from samples 
collected in 1989 and 1991. For 1989, predicted values were close to observed values 
at 90 and 120 cm soil depths, but significantly high values were observed for 1991 
samples. Predicted atrazine concentrations in groundwater decreased with increased depth 
as was noticed in observed values. At 240 cm soil depth, predicted values were higher 
than those at 120 cm soil depth because of considering an impermeable layer at 250 cm 
depth in the model. Therefore, a gradual build up of pesticide mass at this depth was 
expected. 
Predicted atrazine concentrations in groundwater for 60 cm water-table depth are 
shown in Figures 8 to 12. It is observed that the peak concentration of pesticide at 
shallow depth occurred only within few days of pesticide application. Water table 
treatment started only after about 50 days of pesticide application and planting. 
Therefore, no differences were observed in peak pesticide concentration values at 30, 60, 
and 90 cm depth before the start of water-table treatment. After the start of water-table 
treatment, however, the predicted pesticide concentrations at any depth varied with water-
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table depth. Similar predictions were made for water-table depth of 30 cm (Figures 13 
to 17). Predicted pesticide concentrations in groundwater at any depth below the water-
table decreased as a function of water-table treatment. These comparisons are shown in 
Figures 5,6,7, 10, 11, 12,15, 16, and 17 for two different days (julian day 250 in 1989 
and 236 in 1990). In most cases, it was predicted that pesticide concentrations in 
groundwater under 30 and 60 cm water-table depths were lower than those under 90 cm 
water-table depth. Observed values showed similar results. These figures show that 
predicted values by the model are in good agreement with the observed values. However, 
the predicted and observed values were not very close to each other in all cases and wide 
variations were observed. The various assumption in the model input parameters could 
also have added variability in the results. More observed data are required for 
comparison before adopting the ADAPT model for water-table management systems. 
Predicted alachlor concentrations in groundwater followed similar trends as that 
of atrazine. Observed alachlor concentrations were very close to the predicted values 
(Figures 18 to 27). Alachlor concentrations predicted by the model were lower than 
atrazine concentrations at all depths. Similar results were found in the observed values. 
Probably alachlor degraded at a faster rate than did atrazine in the soil profile, and after 
few weeks of applications, no alachlor was detected in groundwater in most cases. 
Predicted alachlor concentrations also decreased as a function of water-table treatment 
at any depth after the start of water-table treatments. 
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CONCLUSIONS 
A water-table management model for water quality was used for simulating 
atrazine and alachlor concentrations in groundwater under various water table conditions. 
Daily pesticide concentrations in groundwater were predicted at different depths under 
water-table depths of 30, 60, and 90 cm. Predicted values were compared with available 
observed data. Predicted pesticide concentrations in groundwater were lower with 30 and 
60 cm water-table depths than those predicted under 90 cm water-table depth. This trend 
was similar to observed values. Observed and predicted values of pesticide concentration 
in groundwater varied in a wide range. In 1989, predicted values were close to or higher 
than the observed values, but in 1991, observed values were higher than the predicted 
values. Few model input parameters were assumed due to lack of available data which 
could have further added to the variability between observed and predicted results. No 
data were available for comparison for 1990 season. Also in 1991, only two sets of data 
were available for comparison. For better accuracy of results, site specific input 
parameters should be used. Results of this simulation study indicate that ADAPT model 
could be used successfully for water quality purposes under water-table management 
practices, but more field observed data are required to validate the accuracy of the 
predictions. The applicability of this model for the Midwest soils will be tested as soon 
as the chemical analyses of water samples collected between 1989 and 1991 are 
completed. 
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Table 1. A comparison of DRAINMOD, GLEAMS, and ADAPT models 
(From Chung et al., 1991) 
ITEM DRAINMOD GLEAMS. ADAPT 
LAYERS 5 Layers extending to 
impermeable layer 
3-12 Layers extending 
to bottom of root zone 




Hourly rain and daily 
temperature 
Daily rain, monthly 
radiation and 
temperature 
Daily rain, radiation, 
windspeed, and 
temperature 
SNOWMELT NA Degree-day formula for 
snow accumulation 
and melt 




RUNOFF Computed from 
balance at soil 
surface 
ses curve number ses curve number. 
Antecedent soil 
moisture (two options) 
MACROPORE 
FLOW 
NA NA Soil surface crack due 
to drying 




Method or any 
.external method 






Equation. Water table 
depth related to 
drainage volume. 
NA Kirkham's or 
Hooghoudt's Equation. 
Water table change 
defined by drainable 
porosity filling or 
emptying. 
DEEP SEEPAGE Darcy's Law NA Darcy's Law with unit 
hydraulic gradient 
NA is not applicable, model does not consider that process. 
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Table 2. Values of major input parameters used in the ADAPT model 





Horizon 1 2 3 
Thickness (m) 0.43 0.48 1.62 
Porosity (%) 45 45 43 
Wilting Point (%) 18.5 18.5 18.5 
Hydraulic conductivity 
(mm/hr) 





Rooting depth (m) 1.5 
Drain type Plastic tile drain 
Drain radius (mm) 10.0 
Drain depth (m) 1.20 
Drain spacing (m) 3.0 
Depth to impermeable 
layer (m) 
2.5 
Drainage coefficient 9.5 mm/day (0.375 in/day) 
Table 3. Monthly average for 3 years (1989-91) simulation for three water table depths 
Month Rain ET Drainage Seepage Subirri Av soil water* Irrg. 
inch inch inch inch inch inch inch 
or 0.9 m water table depth 
JAN .763 0.460 .473 .136 .000 21.717 .000 
FEB .411 0.336 .000 .184 ,000 21.652 .000 
MAR 3.576 0.791 .650 .504 .000 22.913 .000 
APR 4.583 1.051 2.323 .704 ,000 23.353 .000 
MAY 5.927 1.076 3.543 .744 .000 24.280 .000 
JUN 5.313 1.975 3.200 .720 ,091 24.286 .000 
JUL 3.960 4.651 .004 .744 ,799 23.543 .000 
AUG 3.230 5.196 .000 .744 .681 22.216 .000 
SEP 2.637 4.433 .000 .720 1.782 21.231 .000 
OCT 2.623 3.000 .190 .736 1.205 20.171 .000 
NOV .706 0.410 .141 .464 .008 20.251 .000 
DEC .595 0.310 .000 .184 ,000 20.092 .000 
Total 34.325 23.689 10.524 6.584 4.566 22.142 .000 
For 0.6 m water table depth 
JAN .763 .460 .473 .136 .000 22.917 .000 
FEB .411 .336 .000 .184 .000 22.852 .000 
MAR 3-576 .791 1.257 .504 .000 23.798 .000 
APR 4.583 1.051 2.369 .704 .000 23.943 .000 
MAY 5.927 1.076 4.090 .744 .000 24.417 .000 
JUN 5.313 1.975 3.200 ,720 .273 24.297 .000 
JUL 3.960 4.651 .004 .744 1.175 23.933 .000 
AUG 3.230 5.196 .000 .744 1.514 23.203 .000 
SEP 2.637 4.433 .000 .720 2.461 22.969 .000 
Table 3 (continued) 
OCT 2.623 3.000 .524 
NOV .706 .410 .320 
DEC .595 .310 .000 
Total 34.325 23.689 12.237 
For 0.3 m water table depth 
JAM .763 .460 .473 
FEB .411 .336 .055 
MAR 3.576 .791 2.194 
APR 4.583 1.051 2.370 
MAY 5.927 1.076 4.092 
JUN 5.313 1.975 3.200 
JUL 3.960 4.668 .004 
AUG 3.230 5.196 .000 
SEP 2.637 4.433 .000 
OCT 2.623 3.000 .926 
NOV .706 .410 .502 
DEC .595 .310 .001 

































































9.272 24.263 .000 
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Table 4. Pesticide parameters used in the ADAPT model 
Pesticide Water Soil half Adsorption 
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3. Atrazine concentrations in groundwater for 0.9 m water table depth. 
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Figure 12. Atrazine concentrations in groundwater for 0,6 m water table depth. 
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14. Atrazine concentrations in groundwater for 0.3 m water table depth. 
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Figure 15. Atrazine concentrations in groundwater for 0.3 m water table depth. 
B Predicted 
+ Observed 
At 120 cm soil depth 
35 133 236 335 
1990 
Julian day 





















100 200 300 
1989 
























+ Observed At 30 cm soil depth 
I 
100 200 300 
1989 
























































At 120 cm soil depth 
100 200 300 
1989 
35 135 236 335 
1990 
70 170 270 
1991 
Julian day 








- B Predicted At 240 cm soil depth 
+ Observed \ 
- ^ V 
1 
100 200 300 
• 1989 
35 135 236 335 
1990 
70 170 270 
1991 
Julian day 




































100 200 300 
1989 
1 
At 120 cm soil depth 
i 
Pi 














: + Observed At 240 cm soil depth 
: ' 1 
. 
100 200 300 
1989 
35 135 236 335 
1990 
70 170 270 
1991 
Julian day 






















At 60 cm soii depth 
\ 
35 135 236 335 
1990 
70 170 270 
1991 
Juilan day 






















I + Observed 
: fl. 
•  .1.  : . 
At 120 cm soii depth 
? 
4 . ^ ' 
100 200 300 
1989 
35 135 236 335 
1990 
70 170 270 
1991 
Julian day 














100 200 300 
1989 
35 135 236 335 
1990 
70 170 270 
1991 
Julian day 
Figure 27. Alachlor concentrations in groundwater for 0.3 m water table depth. 
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OVERALL CONCLUSIONS 
From the results of three years experiments with water-table management for 
water quality and crop productivity, the following conclusions are made: 
Crop growth and yield 
Com yields significantly increased as water-table depths increased from 0.3 to 0.9 
m in the Ames lysimeter plots, and from 0.2 to 1,1 m in the Ankeny subirrigation field. 
A shallow water-table depth of 0.2 to 0.3 m significantly reduced com yield in the wet 
season. Shallow water-table depths increased photosynthesis rates in a dry season. 
However, in a wet season, depth of water table ranging from 0.3 to 1.1 m did not seem 
to affect the photosynthesis rates. At very shallow water-table depths (less than 0.2 m), 
photosynthesis rates decreased significantly. The effect of water-table depths on 
photosynthetic water-use efficiency were highly significant both in the dry and wet 
seasons. Photosynthetic water-use efficiency (PWUE) values were higher for the wet 
season than for the dry season, and these values were higher on plants at deeper water-
table depths. The effects of water-table treatments on com yield were highly significant. 
Positive relationships were obtained between PWUE values and yield for both dry and 
wet seasons. Photosynthetic water-use efficiency, when combined with data on water-
table depths, has potential as a physiologically based indicator for predicting com yield 
under various water-table management practices. 
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Results indicate that the effectiveness of WTM practices on crop growth can be 
successfully evaluated by using an energy balance concept and CWSI. Several crop 
physiological parameters (net radiation, transpiration, and stomatal conductance) 
exhibited similar relations with various WTM practices during the growing season. 
Water-table depth was very sensitive to the crop physiological parameters during the 
vegetative and flowering stages of com. The highest values of net radiation, 
transpiration, and stomatal conductance were observed on day 64 after planting (late 
vegetative stage) for a water-table depth of 0.3 m. On the contrary, a shallow water-table 
depth of 0.2 m caused waterlogging in the root zone and resulted in the poorest plant 
growth and the lowest values of net radiation, transpiration, and stomatal conductance. 
Crop water stress index values were critical during the vegetative and flowering stages 
of com, and CWSI could be significantly reduced by adopting the right WTM practice. 
Nitrate-N in shallow groundwater 
Transport of NO3-N to groundwater was observed as affected by the WTM 
practices. NO3-N concentrations in groundwater could be significantly reduced by 
maintaining shallow water-table depths of 0.3 to 0.6 m during the growing season. With 
the increase in soil depth below any water-table position, NO3-N concentrations 
decreased. These concentrations were significantly reduced to less than EPA health 
standard of 10 mg/1 by adopting the appropriate WTM practices. The trends of NO3-N 
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concentration in groundwater as a function of water-table depths were consistent for all 
three years of data at both field locations. 
Pesticide residues in shallow groundwater 
Atrazine was detected in all groundwater samples collected between planting and 
harvesting time at both Ames and Ankeny sites. Alachlor was not detected in many 
samples, and alachlor concentrations were lower than those of atrazine concentrations in 
groundwater at similar depths and under similar WTM practices. Both atrazine and 
alachlor concentrations in groundwater were significantly affected by WTM practices. 
At the Ankeny site, pesticide concentrations were minimum under shallow water-table 
conditions. Atrazine concentrations were reduced from 67 to 0 /xg L"' by maintaining 
shallow WTD during the growing season. At the Ames site, pesticide concentrations in 
groundwater were significantly reduced with 0.3 m WTD. Similar results were observed 
for alachlor concentrations. Statistical analysis also showed that the relationships between 
atrazine concentrations in groundwater and WTD, days after planting, and soil depth 
were highly significant. When compared to NO3-N concentrations under similar WTM 
practices, atrazine and alachlor concentrations followed similar trends. High NO3-N 
concentrations were corresponded to high pesticide concentrations and vice-versa. 
Simulation of pesticide concentrations in groundwater 
Daily pesticide concentrations in groundwater were predicted by using ADAPT 
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model. Predicted pesticide concentrations in groundwater were lower with 30 and 60 cm 
water-table depths than those predicted under 90 cm water-table depth. This trend was 
similar to observed values. In 1989, predicted values were close to or higher than the 
observed values, but in 1991, observed values were higher than the predicted values. 
Results of this simulation study indicate that ADAPT model could be used for water 
quality under water-table management practices but more field observed data are required 
to validate the accuracy of the predictions. The applicability of this model wiil be tested 
for the Midwest soils as soon as the chemical analyses of all the water samples collected 
between 1989 and 1991 are completed. 
The results of this study indicate that chemical concentrations in groundwater can 
be significantly reduced while yield at an optimum level can be maintained by adopting 
the right WTM practices. Therefore, appropriate use of WTM is recommended as a best 
management practice for the enhancement of groundwater quality and crop yield. 
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SUGGESTIONS FOR FURTHER STUDY 
This study reports the effects of various water-table management practices on com 
growth and groundwater quality. During the period of three experimental years in the 
lysimeter plots and subirrigation field, similar fertilizer rate and timing, water-table 
treatment, and crop were used every year. Photosynthesis measurements were made on 
weekly or biweekly basis. Water-table treatments were started about 50 days after 
planting and chemical application allowing crop roots to develop within 60 cm of the soil 
profile before water-table treatments started. Many input parameters for simulation of 
pesticide concentrations in groundwater were assumed or used from other experimental 
areas. 
Although results of these water-table management experiments indicate the 
usefulness of the water-table management practices to improve crop yield and enhance 
shallow groundwater quality, further investigations should be continued before developing 
recommendations for water-table management as a best management practice. The 
following suggestions are made: 
Photosynthesis of crop leaves should be measured from early to late flowering 
stage of crop. This practice would help to determine if there is a significant change in 
leaf photosynthesis after the introduction of water-table treatment. Instead of weekly or 
biweekly measurements, photosynthesis, transpiration, stomatal conductance, and leaf-air 
temperature differential should be measured several times every day during the period 
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of water-table treatments. Considering crop yield is an integration of processes taking 
place over the entire crop growing season, daily measurements would give a detailed 
insight into the water-table management effects on crop growth parameters. This practice 
would certainly help in developing relationships between crop yield and plant 
physiological parameters, and it would also provide information about which part of the 
growing season is most sensitive to water-table treatments. 
Investigations should also be continued with water-table treatments starting right 
from the time of planting and chemical application. Since a major portion of applied 
chemical has the potential to leach down within the first few weeks of chemical 
application (especially if a major rainfall occurs immediately after chemical application), 
water-table treatments should be started from the beginning of the growing season for a 
thorough understanding of water-table management effects on chemical transport to 
shallow groundwater. 
This study shows that a compromise between crop yield and groundwater quality 
could be made by maintaining water tables between 60 and 90 cm from soil surface. 
Such a water-table depth would minimize chemical concentrations in groundwater while 
maintaining crop yield at an optimum level. Therefore, further water-table management 
experiments are suggested with water-table depths of only 60 to 90 cm. While 
maintaining water-tables within 60 to 90 cm during the growing season, split N-fertilizer 
method should be introduced. This would help prevent a significant portion of chemical 
from leaching down to deeper depths at the beginning of the growing season. With split-
203 
N fertilizer method, water-table treatments can also be delayed for few weeks giving 
enough time for crop roots to develop. 
Another suggestion is made for the use of chlorophyll meter to measure leaf 
chlorophyll content on plants with various water-table depths. Chlorophyll content of 
plant leaves is related to availability of soil nitrogen fertilizer to plant roots. A calibration 
curve could be developed for a relationship between leaf chlorophyll content and 
available soil nitrogen by collecting soil samples from the root zone at the same time of 
chlorophyll measurements. This process would provide instantaneous information about 
nutrient uptake by plants under any water-table treatment. 
Leaf area index (LAI) and other input parameters should be measured at the 
experimental site for better accuracy of the model-predicted results. Water-table 
management experiments should also be conducted with other crops for recommending 
wider application of these practices. 
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